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The  Third  International  Symposium  on  the  Effects  of  Alkalies  on 
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the  Properties  of  Concrete,  held  in  England  in  September  1976,  was  like 
the  previous  ones  held  in  Denmark  in  1974  and  Iceland  in  1975,  co- 
sponsored by  the  U.  S.  Army  Corps  of  Engineers,  European  Research  Office. 

Since  copies  of  the  proceedings  are  not  available  in  the  United 
States  except  as  Individual  copies  to  the  participants,  they  are  re- 
issued as  CTIAC  Report  26. 

The  proceedings  were  edited  by  A.  B.  Poole  of  Queen  Mary  College. 

The  Commander  and  Director  and  Technical  Director  of  WES  a the 
time  of  the  issuance  of  this  report  were  COL  John  L.  Cannon,  CE,  and 
Mr.  F.  R.  Brown,  respectively. 
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FOREWORD 


The  papers  in  this  bootc  were  presented  at  a Symposium 
held  at  the  Cement  and  Concrete  Association,  Wexham 
Springs,  between  the  6th  and  9th  of  September  1976. 

This  meeting  followed  similar  Symposia  held  in  Densiark, 

197^  and  Iceland,  1975 » The  organising  cormiittee  of  the 
London  Symposiiam  were  most  fortunate  in  being  able  to 
welcome  leading  experts  from  many  parts  of  the  World  to 
this  meeting.  In  the  space  of  a single  year  a surprising 
wealth  of  new  information  and  ideas  has  become  available 
providing  the  tangible  evidence  of  flourishing  research 
in  this  field  of  study  and  the  substance  of  this  present 
volume.  The  papers  have  not  been  assembled  in  the  precise 
order  of  original  presentation  but  have  been  grouped  into 
six  sections  reflecting  the  various  aspects  of  the  subject 
studied.  The  boundaries  of  the  sections  should  be  grada- 
tional since  some  of  the  papers  night  ecjually  appear  under 
several  headings.  However,  it  is  hoped  that  the  groupings 
chosen  will  provide  some  guidance  to  the  reader  and  that  the 
papers  themselves  will  stim*ulate  the  interest  and  further 
researches  necessary  for  the  full  understanding  of  the 
effect  of  alkalies  on  the  properties  of  concretes. 


A.  B.  Poole 
Queen  Mary  College 
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THE  EFFECT  OF  ALKALIES  ON  THE  PROPERTIES 
OF  CONCRETE 


THE  OPENING  ADDRESS  TO  DELEGATES  ATTEliDIHG 
THE  1976  symposium 


given  by 


DR.  G.  M.  IDORN 


Aalborg  Portland  Research  and  Development 
Denmark 


Dr.  Sharp,  Ladies  and  Gentlemen, 
My  dear  Friends, 


\Vc  did  r<-3  il  r.s  a rr 
U-ihnol'»f;y  fiom  L 
help  frc«rn  new  irM  ; 
dfve’.opmtnt. 


It  is  a great  pleasure  to  introduce  and  to  chair  the  first  session  of  the 
Third  /ntemationai  Meeting  on  the  Effects  of  Alkalies  on 
the  Properties  of  Concrete  at  GtC/4,  Fulmer  Grange. 

Each  of  the  two  preceeding  meetings,  Koge  1974  (1),  and  Reykjank  1975  (2),  have  been 
special  in  their  character  and  arrangements.  This  one  will  be  second  to  none  in  its  own  right  and 
ways. 

The  preparatory  work  is  so  promising  of  success  that  failure  is  only  to  be  expected  if  those 
attending  are  passive  or  do  not  present  qualified  contributions.  And  this  is  not  to  be  feared. 


Since  then,  t:.'  p. 
the  economy  of  rerr»-r.*  : 
garding  Ih.e  need  for  r.'  r 
ing  that  a considerable  pr 
We  know  much 
of  alkali-silica  reactions  i 
However,  concur 
alkalies  in  general  tend  t*. 

This  is  due  to  t- 
of  suitable  aggregates  ; . 
practically  unexploiV-  J - 
cation,  and  iil.so  to  the  u 
faefure.  Influential  ;.rv  ;i 
of  air,  soils,  and  water,  •• 
sign  in  constniction  pra. 

This  is  why  : ' 
assistance  and  service  r» 
Unfortunately.  i 

create  more  knowledte 
stries,  ye.seven  in  the  U 


Once  upon  a time  a famous  Danish  storyteller  w'rote  a fairy-tale  called 
The  Cgly  Duckling. 

It  lived  under  great  stress  in  a hostile  environment,  superficially  condemned  by  the  community 
for  possessing  inferior  beauty  and  virtues.  By  a lucky  opportunity  the  Duckling’s  underlying  qua- 
lifications were  revealed  and  became  acknowledged. 

I do  not  think  that  the  broadening  of  the  scope  of  this  third  meeting  relative  to  the  two 
preceeding  ones  will  in  itself  cause  the  reputation  of  alkalies  in  concrete  to  change  from  an  »rgly- 
Duckling*)  ignorance  and  fear-conditioned  coiiucrinnution  like  bad  and  evil  constituents  of  cement, 
to  a »Young  Swan»  recognition  of  their  true  nature  and  usefulness  in  cement  and  concrete  techno- 
logy. Solidly  established  misconcepts  and  opinions  do  not  change  that  easily. 

When  a few  of  us  initiated  this  series  of  meetings  some  years  ago,  we  felt  that  more  ex- 
change of  newer  knowledge  betw*een  those  actively  engaged  in  research  regarding  the  nature  of  al- 
kalies in  cement  and  concrete,  would  be  beneHcial. 

W'e  also  thought  that  an  arrangement  of  a broader  meeting  like  the  typical  formal  sympo- 
sia, supported  by  international  organisations  and  with  representative  presentations  involved,  would 
probably  not  become  successful.  We  feared  — or  let  me  put  this  judgement  upon  my'self  — I feared 
that  such  an  arrangement  might  even  inflict  damage  and  reinforced  misconcepts  on  the  further  pro- 
gress of  the  research,  we  deal  with  and  care  for,  because  we  did  not  have  any  sufficiently  new  know 
ledge  on  alkali-silica  reaction  available  and  were  not  apt  for  presentation  so  as  to  meet  the  demand 
from  our  users  of  new  knowledge: 

The  industries  concerned 
Engineering  practice 
Authorities 

W'e  did  assume  that  the  need  for  new  knowledge  was  likely  to  increase  soon  due  to  the  gene- 
ral economic  development  and  ra::onaIisation  efforts  in  our  industries,  and  also  in  view  of  the  in- 
creasing pressure  on  the  availabli;:y  of  the  resources,  especially  in  the  most  industrialized  countries. 
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\Vc  (lid  re*?  it  as  a ri^k  limt  this  deniand  might  soon  cause  praclire  lo  adjust  cement  i.r.d  concrete 
tei.hno!'*;;y  from  fear  of  alkali-silica  rc-nction  without  consUlt-ring  newer  knowlrclge  or  asking  for 
)u*lp  tvuni  new  re'cr.ich  — und  that  would  be  neither  t'Cori()ir.ical  nor  pTOjnr**s*ive  in  the  further 
develop.mcnt. 

Since  then,  the  perspectues  for  the  energy  and  the  materials*  resource  demand,  and  also 
th(*  economy  of  cen’.ent  and  concrete  manufacture  and  utilization,  have  confirmed  oar  views  re- 
gardmg  the  need  for  more  knowledge,  and  fortunately  our  meetings  are  at  the  same  time  reveal- 
ing that  a considerable  growth  and  improved  status  of  the  research  concerned  have  occurred. 

We  know  much  better  than  3 years  ago  in  which  areas  more  understanding  of  the  nature 
of  aJkaji-bilica  reactions  is  still  required,  and  »how  to  go  for  it». 

How'ever,  concurrently,  we  must  realize  that  views  and  opinions  regarding  the  effects  of 
alkalies  in  general  tend  to  become  more  conflicting  than  before. 

This  is  due  to  both  the  steadily  increasing  concern  about  the  availability  and  the  costs 
of  suitable  aggre'gates  in  many  countries  and  to  urbanization  and  industrialisation  in  areas  with 
practically  une.sploited  and  unknown  aggregate  resources  and  with  low  levels  of  technical  edu- 
cation, and  also  to  the  urgency  for  reducing  expenses  and  energy  consumption  in  cement  manu- 
facture. Influential  are  also  the  increasing  public  requirements  for  precautions  against  pollution 
of  air,  soils,  and  water,  and  the  engineering  drive  towards  improved  utility  of  materials  and  de- 
sign in  construction  practice  and  in  housing,  without  exceeding  reasonable  safety  regulations. 

This  is  why  research  becomes  increasingly  exposed  to  conflicting  demands  for  specific 
assistance  and  service  regarding  alkalies  in  cement  and  concrete. 

Unfortunately,  the  need  for  general,  underlying  scientific  research  in  its  own  right  lo 
create  more  knowledge  — carries  less  weight  than  in  the  past,  both  in  the  society  and  in  indu- 
stries, yes,even  in  the  formalized  international  research  cooperation. 

And  this  again  is  why  enthusiastic  dedication  is  required  on  the  part  of  the  re^earchets 
to  make  the  »Ugly -Ducklings  misconcept  of  alkalies  in  cement  and  concrete  change  into  realistic 
approaches  and  fruitful  communication  about  the  true  nature  and  extent  of  the  problems. 

That  can  only  be  achieved  by  establishing  the  relevant  knowledge  on  alkalies  all  along 
their  pathway:  as  constituents  of  the  cement  materials,  as  influential  during  the  cement  maim* 
facturing  processes  and  the  concrete  making,  and  in  the  end  as  »bacteria^  causing  chemical  re- 
actions in  hardened  concrete  under  certain  conditions,  and  thus  adversely  affecting  the  durabi- 
lity of  structures,  houses,  etc- 

Such  a comprehensive  and  coherent  disclosure  of  the  nature  and  effects  of  alkalies  is 
what  the  programme  committee  for  this  meeting  has  invited  the  participants  to  commence. 

The  papers  announced  for  presentation  show  that  the  importance  of  this  approach  is 
appreciated. 

Nevertheless,  we  must  acknowledge  that  there  are  colleagues  in  production  and  tales  de- 
partments of  cement  and  concrete  industries  who  think  that  the  most  advantageous  situation 


1 


:l  , , 

t exists,  if  no  one  becomes  aw  are  of  t»alkali*problems»,  so  that  national  and  international  concern 

would  remain  entirely  avoided.  Such  attitudes  can  only  be  explained  by  saying  that  research  has 
not  yet  done  its  job  properly.  The  communication  to  colleagues  and  business  operators  has  not 
yet  become  effective.  In  other  words,  the  value  of  knowledge  has  not  been  sold  to  the  users  of  re- 
search. 

Let  us  therefore  consider  what  makes  the  cement  consumers  concerned  about  alkalies, 
since  they  constitute  the  most  numerous  among  the  customers  of  our  research,  and  they  manage 
by  far  most  of  the  invested  capital  in  the  cement  and  concrete  business  sector. 

A few  figures  may  illuminate  the  present  situation.  The  annual  cement  sales  are: 

In  Denmark O.X  Bill.  dol. 

- USA 4.0  - 

- the  World 35.0  - 

whereas  tlie  annual  »sales»  of  concrete  can  be  estimated  as  follows: 

In  Denmark 0.5  — 0.8  Bill.  dol. 

- USA 25  — 30 

- the  World 200-300 

The  research  on  alkalies  in  cement  and  concrete  has  a true  global  interest  and  applicability. 
Accordingly,  the.e  is  a demand  for  this  research  represented  by  an  annual  sales-value  of  200  — 300 
Bill.  dol.  from  cement  consumption  enterprises,  against  35  Bill.  dol.  from  cement  manufacturing 
business. 

Which  is  then  the  cement  consumers'  request  on  service  from  our  research: 

. ....  •• 

First,  the  cement  consumers  have  a certain  knowledge  about  the  influence  of  the  alkalies 
on  tlic  strength  development  of  concrete.  Therefore,  research  is  requested  to  offer  more  guidelines 
for  an  improved  utilization  of  this  dependence.  However,  beyond  the  strength  specifications  based 
upon  which  the  consumer  buys  his  cement,  and  pays  for  its  properties,  there  is  real  profit  to  gain 
from  strengtb/alkali  dependance  only  for  a minority  of  cement  consumers,  namely  those  operat- 
ing accurately  monitored  industrial  cement  product  manufacture.  Xn  normal  engineering  practice 
so  many  factors  other  than  the  alkali  contents  — and  much  easier  to  adjust  — are  decisive  for  the 
strength  development,  so  that  the  alkali  contents  is  a useless  measure  as  a controlling  parameter 
in  practice,  and  this  is  even  more  the  case  in  handcnft  dominated  concrete  making. 

This  is  also  the  reason  why  the  cement  consumers  so  easily  preserve  the  picture  of  alkalies 
in  cement  and  concrete  as  predominantly  associated  with  deterioration,  or  as  it  has  been  said: 
Alkali-silica  reaction  is  a type  of  concrete  cancer,  in  which  the  alkalies  from  the  cement  and  the 
silica  from  reactive  aggregates  act  as  the  virus. 

This  200  to  300  Bill.  dol. /year  concern  on  the  part  of  the  cement  consumers  cannot  be 
disregarded  by  research.  Neither  can  we  serve  the  consumers  by  enabling  removal  of  alkalies  from 
cement  or  by  restricting  aggregate  acceptance  to  innocuous  materials  only,  to  secure  durable  ren- 
tability of  these  investments.  This  is  not  feasible,  and  therefore  research  must  also  consider  the 
cement  and  aggregate  producers*  problems. 
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There  are  for  instance  often  good  reasons  for  maintaining  high  alkali  contents  in  cement 
deriving  from  the  nature  of  the  raw  materials,  the  economy  of  kiln  operations  and  investments, 
the  »clean  air,  water  and  ground-*  pa'.xies  and  the  increasing  restrictions  on  the  aggregate  resource 
utUuaiioti. 

None  of  us  here  can  believe  that  there  are  other  ways  out  of  these  dilemmae  than  what 
can  be  established  through  new  knowledge  which  is  sufficient  to  secure: 

1.  Reasonable  engineering  compromises  at  the  present  stages  of  cement  and  concrete 
technology,  and.  . 

2.  Future  development  of  technologies  which  aims  at  reducing  costs  to  be  imposed  on 
concrete  by  restrictive  precautiorvs  or  failures  caused  by  neglectance  of  precautions. 

Let  us  at  last  look  at  the  problems  as  viewed  from  the  side  of  the  authorities,  upon  whom 
the  society  inflicts  more  or  less  unspecified  general  responsibility  for: 

1.  Reduction  of  energy*  and  materials  resource  consumption,  and  planning  of  the  over- 
all national  or  regional  development, 

2.  Reduction  of  pollution  and,  alternatively,  utilization  of  waste  products,  and 

3.  Economy  of  public  engineering  works  ~ more  than  often  as  incompatible  demands 
on  minimum  initial  expenses  and  maximum  service  lifetime  at  lowest  possible  main- 
tenance expense  levels. 

It  is  easy  to  see  that  these  different  positions  of  immediate  responsibilities  may  well  create 
all  kinds  of  apparently  coaDicting  views  and  interests,  if  everybody  concerned  is  evaluating  and 
deciding  on  a cate-to-case  basis,  and  also  very  different  evaluations  as  far  as  planning  for  long-term 
investments  and  development  is  concerned. 

One  must  also  be  aware  that  Che  authorities  as  the  overall  political  controllers  do  not  them- 
selves invest  in  the  manufacturing  crafts  and  industries,  that  the  cement  manufacturers  are  predo- 
minantly locked  for  long  periods  to  given  manufacturing  technologies,  and  that  the  cement  con- 
sumers who  possess  most  of  the  technology  flexibility  generally  speaking  have  the  least  capability 
available  for  exploitation  of  their  development  potentials. 

Because  of  this  very  oomplex  and  fngmented  technoIogy/economy/responsibiJity  back- 
ground, the  research  (which  annually  comprises  only  microscopic  efforts  in  relation  both  to  ce- 
ment production  and  cement  consumption  investments)  has  not  yet  been  able  to  remove  the 
sUgly-Ducklingi*  policies  which  one  or  the  other  partner  in  the  cement  and  concrete  enterprises 
still  often  chooses  as  a defensive  position. 

This  is  why  the  core  of  dedicated  exchange  of  background  and  applicable  knowledge  and 
ideas  to  be  presented  at  this  meeting  is  so  important  as  a nucleus  for  the  creation  of  a broader  pro- 
gressive environment  — to  the  ber.e.'it  and  economic  advantage  for  all  parties  involved. 

During  our  series  of  meetings  the  growth  of  a collegial  sense  of  forming  part  of  a multitude 
for  the  promotion  of  valid  know  ’e-fge  creation  is  one  remarkable  achievement. 

But  more  pragmatically  seen:  the  results  a.nd  the  markedly  increasirig  intensity  of  new  mat- 
ters presented  in  the  contributions  prove  the  benefit/cost  ratio  of  these  gatherings  to  be  very  satis- 
factory. 
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rhi4ii,  also  from  a coo;^eiative  and  a r^3?«rch  leatability  viewpoint  I have  great  confidence 
in  thv  output  of  this  IhLd  meeting. 


As  a conclusion  1 should  iike  to  thank  a high  officer  of  an  organisation  of  true  authorit' 
~ ihe  ASFM  — , namely  Mr.  Bryant  Mather,  and  an  American,  public  sponsor  of  international 
research  cooperation  the  European  Research  Office  of  the  US  Army  Corps  of  Engineers  — re- 
presented by  Mr.  Hoyt  Lemons,  for  having  so  strongly  supported  our  arrangements,  each  in  his 
way. 

I feel  convinced  that  their  confidence  will  be  duly  repaid  in  that  with  the  added  value 
of  the  two  preceeding  meetings  we  can  begin  to  see  a way  to  compile  and  present  much  needed 
information  from  our  research  workshops  to  our  customers:  industries,  consumers,  the  public. 

I should  very  much  Jike  a forthcoming  meeting  to  deal  also  with  these  aspects  of  our 

topics. 


With  thanks  to  C&CA  and  Queen  Mary  College  for  the  arrangement  of  facilities  and 
gramme  etc.  I am  pleased  to  open  the  first  session  of  our  conference. 


G.  M.  Idom 


Literature: 


Aalborg  Portland  R&D  Seminar  on  Alkali- 
SiUca  Reaction,  Hotel  Hvide  Hus  Koge,  Denmark. 
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ALKALIES  IN  CiMEKT  & CONCRETE 


H.E.  VIVIAN 


CSIRO  Division  of  Building  Research 
Highett,  Victoria,  Australia 
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Varying  degrees  of  importance  have  been  assigned  to  the  effects  of 
alkalies  on  a vide  variety  of  cement  and  concrete  characteristics. 

In  some  areas,  notably  in  the  United  States,  low  alkali  cements  have 
come  to  be  more  favoizrably  regarded  than  hi^  alltali  cements,  while 
in  other  areas  there  is  no  comparable  preference  for  low  alkali 
cements.  Such  differences,  however,  suggest  that  there  is  a need  to 
examine  the  behaviour  of  alkali  in  cement  €uid  concrete. 


The  presence  of  small  amounts  of  alkalies  may  modify  the  compound 
composition  of  clinker  and  affect  its  behaviour  while  alkali  compoiinds. 
which  greatly  exceed  the  solubility  of  other  clinker  compounds,  may 
affect  the  physical  properties  and  hydration  characteristics  of 
cement  paste.  Under  appropriate  expoavire  conditions,  alkali  may 
contribute  to  diverse  phenomena  such  as  surface  staining,  efflores- 
cence, scaling  and  siliceous  aggregate  reaction  and  expansion  in 
concrete.  Despite  the  detrimental  effects  attributed  to  alkali  , 
the  general  performance  properties  of  cement  can  be  sxiitably  maint- 
ained provided  raw  material  variations  are  anticipated  and  minimized 
and  due  attention  is  given  to  burning  clinker,  and  to  the  fineness  and 
gypsum  content  of  cement. 


i 


Introduction 

Aliali  metal  ccapounds  are  minor  constituents  of  Portland  cement. 
They  are  both  readily  and  rapidly  soluble  in  water.  They  may  affect  the 
behaviour  and  properties  of  both  freshly--nixed  and  hardened  cement  paste 
and  concrete  and  may  contribute  to  the  incidence  of  several  problems 
which  develop  slowly  in  concrete. 

All  of  the  relevant  characteristics  of  a cement  are  seldom  identi- 
fied or  completely  defined.  The  observed  functions  and  performances  of 
cement  paste  and  concrete,  on  which  experimental  conclusions  are  based, 
may  be  influenced  by  many  different  interactions  but  are  generally  attri- 
buted to  a relatively  few  factors  such  as  compound  compositions  computed 
from  chemical  analyses  sind  surface  area  measurements.  However,  other 
core  significant  characteristics  are  rarely  stated.  Examples  of  these 
deficiencies  concern  the  actual  compound  compositions,  crystallinity, 
heat  treatment  and  production  conditions  of  clinker,  fineness  character- 
istics such  as  particle  size  distribution,  distribution  skewness  and 
particle  shape  of  both  clinker  and  gypsum,  and  the  surface  condition  of 
particles  when  mixing  with  water  coEanences.  All  of  these  factors  are 
highly  significant  and  may  influence  water  re(iuirement , setting  time, 
stiffening  tendencies,  strength  development,  shrinkage  and  the  sensit- 
ivity of  cement  to  react  with  admixtures. 

The  present  paper  sets  out  to  discuss  the  occurrence  and  behaviour 
of  alkalies  in  cement  and  concrete,  to  indicate  the  effects  of  alkalies  in 
cement  reactions  and  in  various  phenomena  which  occur  in  freshly-mixed  and 
hardened  cement  j>astc  and  concrete,  and  to  comment  on  procedures  that  may 
be  used  to  reduce  the  alkali  content  of  cement  and  to  modify  some  of  the 
adverse  effects  produced  by  alkalies  in  concrete. 
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Alkalies  in  Clinker 

Alkali  compounds  in  concrete  are  derived  principally  from  cement, 
with  aggregate  and  water  as  minor  contributors,  and  from  secondary  exter- 
nal sources  such  as  greund-water  and  air-borne  spray.  The  common  alkali 
metal  ions,  sodium  and  potassium,  are  present  in  variable  but  minor 
amounts  in  clinker  generally  within  the  range  0-1  - 1-5%  Ha20  + K^O. 

They  are  generally  derived  from  the  argillaceous  fraction  (clay  or  shale) 
cf  the  raw  meal  or  from  coal  ash.  Other  fuels  nay  also  indirectly  affect 
the  composition  of  clinker.  Residual  fuel  oil  usually  contains  large 
amounts  of  sulphur,  while  natural  gas  contains  neither  alkalies  nor 


sulphur  compounds.  The  amount  of  sulphate  in  clinker  affects  not  only 
the  mode  of  occurrence  of  alkalies,  hut  also  the  amounts  of  some  of  the 
other  clinker  compounds. 

6,7 

Newkirk  (1951 *1952)  has  discussed  alkali-clinker  systems  euid 
described  the  occurrence  of  alkali  phases  and  accompanying  compound  com- 
positional. changes  in  clinker.  Alkalies  combine  preferentially  with 
sulphate  to  form  a solid  solution  of  roughly  constant  composition,  and 
consisting  of  potassium  sulphate  and  sodiu-m  sulphate  in  an  approximate 
3;1  molecular  ratio.  Alkalies,  in  excess  of  the  amounts  combined  with 
sulphate,  combine  with  dicalcium  silicate  (C^S)  to  form  the  compound 
^*“23^12  '^ith  tricaicium  aluninate  (C^A)  to  form  the  compound  KCgA^* 
and  may  adventitiously  occur  in  solid  solutions  with  clinker  compoiuids 
or  as  a constituent  of  glass.  The  amount  of  sulphate  ion  derived  from 
raw  meal  and  fuel  therefore  affects  the  phase  composition  of  the  clinker. 
When  the  amount  of  sulphate  ion  is  large  and  when  the  amounts  of  alkali 
ions  are  small,  alkalies  are  present  largely  as  sulphates.  When  the 
sulphate  ion  is  deficient,  the  compounds 

the  potassium  sulphate-sodium  sulphate  solid  solution  occur  in  variable 
amounts.  With  increasing  amounts  of  alkali '*ions , the  amounts  of  the 
compounds  ^'^8^3  increase  and  calcium  oxide  is  displaced  from 

dicalcium  silicate  and  tricalcium  aluminate.  Since  the  amoxint  of  C2S 
which  is  available  to  combine  with  the  calcium  oxide  to  form  C.,S  is 
rapidly  depleted,  free  calcium  oxide  becomes  an  ecjuilibrium  phase  in 
clinker.  It  is  clear  that  changes  in  the  chemical  composition  of  raw 
meal,  of  raw  materials  and  of  fuels  can  have  marked  effects  on  the  com- 
pound composition  of  clinker  and  consequently  can  influence  cement  behavi- 
our. Moreover,  since  the  clinkering  reactions  in  kilns  do  not  always 
reach  their  expected  equilibria  the  amounts  of  the  different  compounds 
formed  may  differ  markedly  from  those  computed  from  the  oxide  analysis. 

The  presence  of  other  negative  ions  and  variations  in  raw  meal  character- 
istics, in  burning  temperatures,  in  fuel  combustion  and  in  kiln  operating 
conditions  can  also  affect  the  alkali  content  and  compound  composition  of 
clinker.  Provided  these  variations  are  anticipated  and  suitable  action 
is  adopted  to  counter  or  minimize  their  effects,  clinker  and  cement  pos- 
sessing satisfactory  quality  and  properties  can  be  produced. 

Approximately  50^5  of  the  alkalies  in  raw  meal  and  coal  ash  may  be 
volatilized  during  burning,  and  much  of  this  alkali  is  re-deposited  in  the 
chain  section  of  the  kiln,  and  in  pre-heaters,  dust  precipitators  and 
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filters.  The  practice  of  re-circulating  re-claimed  precipitated  dust  to 
the  kiln  generally  changes  the  raw  meal  composition  adversely  and  increa- 
ses the  alkali  content  of  clirdcer.  The  burning  of  high  sulphur  fuel  oil 
in  place  of  coal  tends  to  increase  the  sulphate  content  of  clinker  and, 
depending  on  burning  conditions,  may  reduce  the  amount  of  alkalies  that 
are  volatilized  and  thus  affect  the  compound  composition  of  the  clir*ker. 

On  account  of  the  specified  limitation  generally  placed  on  the  amount 
of  sulphate  in  cement,  the  presence  of  large  amounts  of  sulphate  in 
clinker  reduces  the  amount  of  gypsum  that  can  be  interground  with  it. 

Since  a large  proportion  (e.g.  1+0-70%)  of  the  sulphate  in  clinker  is  not 
readily  soluble  (Stikker,  1958;  Anderlini  & Vivian*  unpublished  data), 
cement  cade  from  it  is  deficient  in  readily  soluble  sulphate,  its  setting 
time  is  modified  and  its  rate  of  strength  development  and  shrinkage  are 
adversely  affected. 

Potassium  salts ‘are  generally  more  volatile  than  sodium  salts. 

In  some  plants  they  have  been  extracted  from  precipitated  kiln  dust. 

This  extraction  process  is  not  usually  economic  and  can  be  improved 
only  marginally  by  adding  calcium  chloride  to  raw  meal,  since  the  total 
amounts  of  alkalies  in  raw  meal  are  low  (approximately  1-2%)  and  incre- 
ments in  the  amount  of  volatilized  potash  salt  are  limited.  The  demand 
for  low  alkali  cement  was  first  generated  in  some  western  areas  of  the 
United  States  where  reactive  siliceous  components  occurred  in  most  agg- 
regates- Subsequently  the  overall  improvement  noted  in  the  quality  of 
these  cements  has  eri?ured  a continuing  demand  for  low  alkali  cement  and 
has  led  to  studies  of  the  various  procedures  for  reducing  the  alkali 
content  of  clinker. 

Alkalies  also  affect  clinker  production  in  several  different  ways. 
In  raw  meal  alkalies  tend  to  reduce  clinkering  temperatures  and  generally 
increase  the  amoiint  of  liquid  and  the  rate  of  clinkering.  Simultaneously, 
however,  alkali  compounds  penetrate  a few  centimetres  into  the  kiln 
refractories  and  may  react  with  the  interstitial  fosterite  bond  and  with 
chromite  to  form  alkali  chromates.  On  account  of  differences  between  the 
coefficients  of  thermal  expansion  of  basic  brick  and  alkali  compounds, 
large  accumulations  of  alkali  sulphates  and  chromates  induce  stresses 
which  are  additional  to  the  high  mechanical  stresses  resulting  from  kiln 
rotation,  and  accentuate  the  spalling  tendency  of  brickwork. 
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Alkalies  in  Cement 


The  immediate  solubility  of  alkalies  constitutes  one  of  their  most 
noticeable  properties.  When  cement  is  mixed  with  water  a portion  of  the 
total  alkalies,  which  depends  partly  on  the  sulphate  content  of  clinker, 
dissolves  rapidly.  This  quantity  increases  as  the  alkali-containing  com- 
pounds hydrate.  Soluble  alkali  salts  in  contact  with  hydrating  clinker 
will  inevitably  be  converted  to  alkali  metal  hydroxides  and  negative  ions 
such  as  sulphate  and  carbonate  will  form  less  readily  soluble  calcium 
sulphate  and  calcium  carbonate.  The  solution  therefore  rapidly  approaches 
a transient  ionic  equilibrium  and  has  a relatively  large  hydroxyl  ion 
concentration  wh-ich  continues  to  increase  with  time.  The  presence  of 
soluble  alkali  metal  hydroxides  depresses  the  solubility  of  calcium  ion 
and  modifies  the  rates  of  hydration  of  clinker  compounds  and  of  the  early 
reactions  that  occur  on  clinker  compound  surfaces.  These  modifications 
influence  the  developing  physical  associations  between  large  and  small 
clinker  particles  and  the  physical  state  of  newly-formed  products.  These 
changes  in  turn  affect  such  characteristics  as  sedimentation,  bleeding  and 
stiffening,  all  of  which  may  be  used  to  describe  the  behaviour  of  cement 
paste. 

Cement  pastes  have  very  high  solid/vater  ratios  and  contain  part- 
icles of  different  sizes.  Consequently  their  properties  are  markedly 
affected  by  small  differences  in  water  contents.  The  performance  of 
different  cements  may  te  quite  variable  and  any  chemical  variation  or 
measured  physical  change  or  property  may  be  affected  by  a wide  variety 
of  factors  which  includes  the  conditions  of  clinker  manufacture,  the  fine- 
ness of  the  cement  and  degree  of  aeration  of  clinker  before  grinding  and 
of  cement  after  grinding.  Alkalies  may  interact  with  other  factors  to 
modify  the  chemical  and  physical  changes  which  occur  in  paste.  Steinour 
Cl9^5)^as  recorded  experimental  data  showing  that  the  bleeding  rate  and 
bleeding  capacity  of  pastes  decrease  as  their  water-soluble  alkali  con- 
tents Increase.  In  addition  to  clinker  composition  other  factors  includ- 
ing the  rate  of  clinker  cooling,  grinding  temperature,  aeration,  the  addit- 
ion of  soluble  salts  and  admixtures  and  test  temperature  are  shows  to 
affect  the  bleeding  characteristics.  Caution  therefore  should  be  exercised 
in  drawing  conclusicr.s  from  data  which  represent  rates  of  physical  change 
in  cement  paste  vher.  the  prior  treatment  and  properties  of  the  clinker  and 
cement  are  not  adequately  described  or  controlled.  While  temperature 
typically  modifies  the  rates  of  chemical  reactions,  the  rate  of  physical 
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change  aft.er  iriixing  has  ceased  depends  not  only  on  imposed  environmental 
or.ditions  and  on  the  t^aantities  of  clinker  or  clinker  compound  under- 
going reaction  and  of  nevly-formed  products,  but  also  on  the  intrinsic 
properties  of  these  latter  products  and  their  distribution  in  the  paste. 
Consequently  ph^-sical  changes  in  pastes  can  be  significantly  affected  by 
the  occurrence  of  occlusion-type  reactions  that  greatly  restrict  the 
rates  but  do  not  inhibit  reactions,  by  changes  in  the  physical  nature 
of  reaction  products  and  by  the  conditions  of  temperature  and  water  con- 
tent imposed  on  the  paste. 

When  cement  ejid  water  are  mixed  together  readily  soluble  compounds 
enter  solution,  solid  particles,  which  are  readily  wetted  and  affected  by 
various  forces  of  attraction  and  repulsion,  associate  in  arbitrarily 
sized  masses,  hydration  and  other  chemical  reactions  commence  and  the 
observable  physical  characteristics  of  the  paste  such  as  sedimentation, 
bleeding  and  changes  in  workability  become  apparent.  The  paste  very  rapidly 
acquires  a physical  framework  that  will  persist  unless  changed  by  the  appli- 
cation of  external  forces,  and  all  the  future  autogenous  changes  occur 
within  this  framework.  As  hydration  proceeds  minor  chemical  reactions  and 
effects  produced  by  their  products  are 'progressively  obscured  and  oblitera- 
ted by  the  more  widespread  chemical  reactions,  which  yield  large  quantities 
of  hydration  products.  Tricalcium  silicate  is  therefore  the  clinker  comp- 
ound which  largely  determines  the  final  performance  characteristics  of 
cement.  Gel  layers  form  rapidly  on  clinker  particle  surfaces  and  crystals 
grow  into  the  surrounding  solution.  Continued  hydration  of  clinker  com- 
pounds disrupts  the  gel  layers  which  rapidly  re-form  and,  eQ.though  crystals 
growing  radially  from  adjacent  clinker  particles  tend  to  interact,  they  do 
not  become  intergrown. 

The  solution  in  cement  paste  rapidly  becomes  supersaturated  with 
respect  to  calcium  and  hydroxyl  ions  and  approaches  saturation  with 
respect  to  sulphate  ions.  Since  the  amounts  of  alkalies  in  cement  are 
relatively  small,  the  sodium  and  potassium  ion  concentrations  do  not 
reach  saturation.  Lawrence  (l966)**has  discussed  the  composition  of  solu- 
tions in  a nijmber  of  cement  pastes,  and  Fig.  1 records  in  a general  way 
the  changes  which  may  occur  in  the  soluble  ion  concentrations  over  the 
early  hydration  period  (approximately  l6-2k  h). 

As  the  hydration  time  increases  the  alkali  and  hydroxyl  ion 
concentrations  increase  while  sulphate  and  calcium  ion  concentrations 
decrease.  It  should  be  noted  that  cements  generally  contain  more  sulphate 
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ion  than  is  needed  to  saturate  the  solution,  especially  at  lew  water/ 
cement  ratios  while  excessively  large  amounts  of  both  calcium  and 
hydroxyl  ions  are  continually  being  produced  by  the  C^S  hydrolysis 
reactions.  Although  an  increased  water/cement  ratio  increases  the 
amount  ’of  soluble  sulphate,  its  concentration  dees  not  increase  and  in 
fact  it  decreases  with  time  due  to  reaction  vita  hydrated  alurainate. 

There  is  also  some  evidence  CAnderlini  and  Vivian,  unpublished  dataf, 
which  suggests  that  occlusicn-type  surface  reactions  especially  in  low 
vater/cenent  ratio  pastes,  trtween  C^A  hydrate  and  gypsum  may  prevent 
much  of  the  potentially  soluble  gypsum  from  dissolving  rapidly. 

Although  the  calcium  ion  concentration  decreases  with  time  and  as  the 
alkali  ion  concentrations  increase,  it  remains  above  the  saturation 
level.  The  hydroxyl  ion  concentration  also  remains  correspondingly  high. 
The  presence  of  very  small  amounts  of  silicate  and  aluminate  in  solution 
probably  indicates  the  adventitious  occurrence  of  colloidal  particles  or 
micelles. 
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An  increasing  hydroxyl  ion  concentration  promotes  C.^A  hydration 
and  tends  to  retard  the  hydration  of  silicates.  Simultaneously  an 
increase  in  sulphate  ion  concentration  reduces  the  solution  pH,  retards 
C^A  hydration  and  promotes  silicate  hydration.  The  amount  of  hydration 
which  produces  the  early  physical  changes  in  paste  is  relatively  minor. 

The  effects  of  alkalies,  either  alone  cr  in  the  presence  of  admixtures, 
on  the  properties  of  hydration  products  and  on  resultant  phenomena  such 
as  strength  development,  permeability,  shrinkage  and  durability,  are 
largely  -.uiknown.  Studies  published  ty  Lerch  (15-^7 ) ^described  setting 
time,  heat  evolution  and  shrinkage  of  a number  of  cements  which  were 
ground  to  different  finenesses  and  which  contained  different  amount  of 
C^A,  alkalies  and  added  gj'psum.  In  general  cements  containing  large 
amounts  of  alkalies  required  large  additions  of  gypsum  to  achieve  adequate 
set  retardation.  It  shou.d  be  noted  however  that  many  of  the  factors 
which  affect  the  behaviour  and  properties  of  a cement  were  not  known  or 
controlled  in  these  experiments. 

Although  variations  in  the  properties  of  different  cements  are 
relatively  large,  available  evidence  suggests  that  variations  caused  by 
alkalies  are  minimal  compared  with  these  caused  by  modifications  in  the 
major  clinker  compounds,  ty  tne  degree  of  aeratic.n,  involving  moisture 
and  carbon  dioxide,  of  clinker  and  cement,  by  finenes.s  of  grinding  and 
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by  workability  (water /cement  ratio)  differences.  The  fact  that  cement 
pastes  and  concretes  made  from  both  high  and  low  alkali  cements  develop 
comparable  characteristics  suggests  that  alkalies  do  not  cause  major  del-* 
cterious  changes  in  the  noi-mal  hydration  and  strength-gaining  processes 
or  in  the  nature  of  the  hydration  products. 

Alkalies  in  Hardened  Cement  Paste  and  Concrete 

Alkalies  in  hardened  cement  paste  and  concrete  nay  influence  rein- 
forcement corrosion,  the  development  of  surface  stains  and  efflorescence 
deposits,  the  incidence  of  surface  scaling  and  ”pop>outs" , and  the  react- 
ion with  abnormal  expansion  of  aggregates.  The  nature  of  the  negative  ion 
associated  with  positive  alkali  metal  ion  has  a significant  effect  on  the 
properties  of  the  product  and  its  action  on  the  hardened  mass.  In  addit- 
ion the  presence  of  potentially  reactive  materials  and  exposure  to  suit- 
able environmental  conditions  or  environmental  cycling  are  necessary  for 
some  destructive  actions  to  proceed. 

Solutions  of  alkali  metal  hydroxides  and  calcium  hydroxide,  which 
have  high  pH*s,  passivate  reinforcing  steel  surfaces  and  inhibit  corrosion. 
Areas  of  the  steel  surface  which  are  not  completely  coated  with  cement 
paste  may  undergo  corrosion,  especially  if  negative  ions  such  as  sulphate, 
chloride  or  carbonate  are  present  to  reduce  the  solution  pH  and  to  produce 
a conducting  solution  through  which  stray  electric  currents  may  discharge 
to  earth.  Moreover,  too  little  cover  over  reinforcement  or  j>oorly  comparted 
concrete  allows  the  ingress  of  air,  rapid  carbonation  of  solutions,  hydrated 
cement  compounds  and  clinker  particle  surfaces  and  corrosion  of  reinforcement 
and  disruption  of  concrete.  ^ 

All  types  of  concretes  and  concrete  products  as  well  as  other 
p)orous  solids  can  be  affected  by  surface  efflorescence  deposits,  staining 
and  mould  growth.  Soluble  alkali  metal  salts  as  well  as  calcium  hydroxide 
and  calcium  salts  may  be  dejxDsited  as  white,  crystalline,  efflorescence 
dep>osits  on  concrete  surfaces  as  the  solution  evaporates  during  periods  of 
drying.  These  deposits,  which  vary  from  op>aque  coatings,  which  adhere 
tenaciously  to  the  solid  surface,  to  loose,  fluffy  masses,  cause  surface 
blotchiness,  colour  fading  and  general  disfigurement  of  architectural 
surface  finishes  and  features.  On  account  of  their  insolubility  in  water, 
strongly  adherent  calcium ^carbonate  coatings  are/difficult  to  remove.  •Tbf  f 
loose  coatings,  which  may  sometimes  be  blown  away,  are  usually  readily 
soluble  alkali  ssilts  which  are  re-dissolved  by  water,  re-absorbed  and 


later  re 'deposited  when  drying  conditions  recur.  In  addition  the  presence 
Lr.  aggregate  of  oxidizable  compounds  such  as  pyrite  and  marcasite,  and 
organic  matter  which  becomes  soluble  in  alkali  solution,  promote  the 
irregular  staining  of  concrete  surfaces  with  brown  deposits.  Apart  from 
an  occasional  surface  "pop-out”  pyrite  and  marcasite  are  not  usually  present 
in  sufficiently  large  amounts  to  cause  undue  physical  damage  to  concrete. 

The  staining  deposits  are  also  aesthetically  undesirable  rather  than  phys- 
ically damaging. 


When  concrete  is  exposed  to  a seq.uence  of  drying  and  wetting  cyc- 
les, in  soluble  salts  tend  to  concentrate  near  the  concrete  surfaces.  If 
present  in  sufficiently  large  amounts  these  salts  may  cause  surface  scaling 
a phenomenon  produced  by  shallow  micro-pop-outs.  When  concrete  is  exposed 
to  dry-wet  cycling  conditions,  salts  such  as  sodium  sulphate  are  net  only 
concentrated  near  the  surface  but  also  undergo  a change  from  an  anhj'drous 
to  a hydrated  state.  This  change  in  the  state  of  hydration  of  the  salt  is 
highly  significant  since  unhydrated  salts  or  salts  which,  although  hydrated 
are  net  readily  crystallized,  do  not  cause  scaling.  Removal  of  the  surface 
layers  of  cement  paste  or  mortar  exposes  the  coarse  aggregate  which  event- 
ually becomes  loosened,  and  produces  a general  roughening  of  the  surface 
of  the  concrete.  It  should  be  noted  that  this  scaling  process  is  not  con- 
fined to  concrete;  it  occurs  generally  in  permeable  materials  such  as  nat- 
ural stone,  sand-lime  bricks  and  blocks  and  in  certain  earthenware  ceramic 
products.  Scaling  causes  more  damage  than  efflorescence  because  it  adv- 
ersely affects  the  operating  surfaces  of  structures  and  slowly  reduces  the 
section  of  structural  units. 


Alkalies  in  hardened  concrete  were  shown  to  react  slowly  with  sili 
ceous  aggregates  which  contain  opaj.  (Stanton  191j0)®  or  which  contain  acid 
and  intermediate  volcanic  glasses  (Blanks  and  Meissner  19^1)^.  This 
reaction,  which  was  discussed  recently  (Vivian,  1975)^^i  produces  quan- 
tities of  an  alkali  hydroxide-silica  complex  which  can  absorb  water  and 
well.  The  swelling  compl€ut  exerts  a disruptive  force  on  the  mortar  surro- 
unding the  reacting  aggregate  particles.  As  cracks  are  formed  and  propa- 
gated through  the  concrete  a significant  overall  expansion  occurs.  Since 
the  concrete  becomes  extensively  cracked  its  mechanical  strength  is  mark- 
edly reduced  and  the  space  created  by  the  cracks  permits  the  ready  entry 
of  water  or  other  salt  solutions  which  may  accelerate  the  disintegration 
of  concrete  exposed  to  adverse  environmental  conditions.  It  is  impossi- 
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ble  to  control  this  reaction  in  large  concrete  masses  which  can  undergo 


sufficient  deterioration  to  cause  the  abfmdomnent  of  the  structure  before 


it  has  completed  its  expected  economic  life.  The  testing  of  construction- 
al materials  before  use  and  the  prediction  of  the  occurrence  of  this  prob- 
lem in  concrete  has  nov  become  widely  accepted  and  practiced. 


A somewhat  similar  but  less  widespread  problem  concerning  the 
expansion  of  certain  dclonitic  aggregates  in  Canada  and  the  United  States 
has  been  reported  ty  Swenson  Cl957)^^,  Hadley  (1961)^  and  others.  Some 
dolomites  have  beer,  shown  to  be  capable  of  reacting  with  alkalies  and 
causing  concrete  expansion.  This  reacting  system  possesses  some  unusual 
features  which  have  net  yet  been  fully  explained  and  the  precise  source  of 
the  disruptive  forces  has  not  been  clearly  demonstrated.  Nevertheless  this 
reaction  suggests  that  the  presence  of  relatively  large  amounts  of  alkalies 
in  cement  and  their  reaction  with  a susceptible  dolomitic  aggregate  can 
cause  large  concrete  expansions.  To  obliviate  damage  from  this  source 
tests  have  been  devised  to* permit  the  prediction  of  aggregate  behaviour 


in  concrete. 


Economic  Effects  of  Alkalies  in  Cement  and  Concrete 


For  much  cf  the  concrete  that  is  produced  the  alkali  contents 
(generally  <ljw/w  of  cement  and  consequently  <0.2^  w/w  of  concrete)  are 
so  small  that  they  have  no  significa^  adverse  effects  on  desired  prop- 


erties. Moreover,  unless  other  significant  factors  are  present,  in  gener- 
al constructional  concrete,  alkalies  do  not  cause  any  adverse  material 
modifications.  Alkalies  do  not  produce  any  significant  changes  in  concr- 
^ is  completely  and  contiiiuou^lJ*vst 

unaffected  by  aikaiies.  Exposed  concrete,  which  is  subjected  'to  inter- 
mittent wetting  and  drj'ing  or  subjected  to  water. pressures  on  one  fqge, 
may  develop  the  typical  wet -dry  cycling  effects  which,  if  other  essential 
factors  axe  present,  can  include  general  deterioration,  surface  staining, 
efflorescence  and. scaling.  The  fact  stands  but  quite  clearly  that,  in 
evaluating  the  economic  impact  of  any  potential  problem  in  concrete, 
•environmental  exposure  conditions  ausV*be  considered  along  with  various 


material  and  structural  factors. 


Consideration  cf  the  economic  effects  of  alkalies  involves  the 


cost  of  prior  investigations  of  sites  and  irtaterials.  It  also  involves 
the  maintenance  of  operation  of  the  structure  and  the  cost  of  repairing 
damage  such  as  staining  caused  by  efflorescence  and  mould  growth  on 
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architectural  concrete  finishes  and  tarface  scaling.  Greater  costs  can  be 
caused  by  the  need  to  reconstruct  a defective  structure  before  its  esti- 
i&ated  ecojiQiaic  life  has  elapsed.  Since  cen.ent  is  manufactured  and  is 
usually  the  major  source  of  alkalies  in  concrete,  economic  considerations 
tend  to  become  involved  with  procedures  for  removing  alkalies  from  clinker. 
Alkalies  derived  from  grcund-water  or  general  working  operations  may  some- 
times cause  problems  which  can  only  be  prevented  by  good  construction 
practices  and  s'urface  protection. 

In  certain  localities  where  all  available  aggregates  are  consid- 
ered to  be  potentially  reactive,  a c^imum  alkali  content  has  been  speci- 
fied for  cement.  Stanton  (19^9)®  initially  proposed  as  a maximum  limit 
Q.^%  total  alkalies  expressed  as  ?Na20  + O.6562K2O,  and  subsequently 
increased  this  maximum  to  0.62.  This  latter  figure  has  been  generally 
adopted  as  the  limiting  quantity  which  separates  high  from  low  alkali 
cements.  It  is  quite  possible  that  this  arbitrary  limit  cay  still  be  too 
high  because  over  long  periods  of  time  alkalies  may  concentrate  in  a rela- 
tively few  areas  and  cause  such  dama^in^  effects  as  surface  efflorescence,  . 
scaling  and  aggregate  expansion. 

Since  the  cost  of  removing  alkalies  from  clinker  is  high,  it  is 
essential  where  ^ssible  to  choose  raw  materials  that  have  low  alkali 
contents.  If  such  materials  are  not  available,  removal  of  a portion  of 
the  alkalies  during  clinker  manufacture  is  more  economic  than  their  com- 
plete removal.  The  alkali  contents  of  many  low  alkali  cements  are  there- 
for just  below  the  maximum  limit.  It  will  be  seen  that  changes  which  are 
intended  to  reduce  alkali  contents  may  induce  additional  problems  which 
reduce  production  rates  end  increase  maintenance  costs.  Although  volatili- 
zation of  an  increased  amount  of  alkalies  from  raw  meal  by  high  burning 
temperatures  nay  assist  in  producing  a high  quality  clinker,  it  also 
increases  fuel  and  kiln  lining  costs  and  may  reduce  output.  Additions  of 
compounds  such  as  calcium  chloride  to  raw*  meals  or  to  fuel  tq  increase 
the  amount  of  volatilized  alkalies  are  generally  ineffective,  increase 
costs  and  may  induce  additional  corrosion  and  clogging  problems  in  exhaust 
systems.  Although  dumping  precipitated  kiln  dust  in  contrast  the  return- 
ing dust  to  the  kiln,  assists  in  reducing  the  alkali  content  of  clinker, 
this  practice  v*astes  valuable  material,  reduces  kiln  output  and  therefore 
directly  increases  production  costs.  This  practice  also  increases  handling 
problems  and  accentuates  the  need  fer  either  storage  or  dumping  space  so 
that  a pollution  problem  is  not  created.  . , 
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Abrasion  and  corrosion  of  metal  in  plant  units  may  be  severe. 

The  presence  of  calcium  chloride  dusts  and  moisture  in  flues,  stacks  and 
hoppers  where  temperatures  fall  sufficiently  low  for  moisture  to  condenae 
may  accelerate  metal  corrosion.  On  the  other  hand  the  rate  of  steel  losses 
from  grinding  media  and  liner  plates  in  ball  mills  is  up  to  10  times  great- 
er in  vet  than  in  dry  grinding  mills.  This  difference  is  due  to  corrosion 
which  can  be  significantly  reduced  by  increasing  the  pH  of  the  slurry 
CAnderlini  and  Vivian,  1961)^.  Although  such  an  increase  in  pH  would 
increase  the  alkali  content  of  clinker  slightly  and  modify  the  flow  chara- 
cteristics of  the  slurry,  it  could  be  an  econimically  viable  addition  in 
some  plants.  , 

The  production  of  blended  fly  ash-portlaiid  cement  mixtures  can  also 
affect  alkali  contents.  If  the  alkali  content  of  the  fly  ash  is  low,  the 
overall  alkali  content  of  the  blended  cement  can  be  effectively  reduced. 
This  reduction  in  alkali  content  has  been  regarded  as  one  of  the  advanta- 
ges of  blending  a pozzolan  with  portland  cement  to  reduce  the  extent  of 
alkali-aggregate  reaction.  However  some  fly  ashes  from  coal-fired  boilers 
contain  large  amounts  C>5J5)  of  alkalies  and  conse«iuently  in  blended  ceme- 
nts could  significantly  increase  the  alkali  content  of  concrete. 

The  permeability  of  concrete  and  concrete  products  affects  the 
incidence  of  efflorescence  and  scaling.  Reduced  permeability  improves 
the  general  quality  and  performance  of  concrete  significantly.  It  has  long 
been  recognised  that  the  processes  of  glazing  ceramic  ware  and  of  polish- 
ing natural  stone  seal  the  product  surfaces  and  cither  eliminate  or  signi- 
ficantly reduce  the  movement  of  solutions  under  cycling  environmental  con- 
ditions. A reduced  penneability  in  low  priced  concrete  and  concrete  prod- 
ucts which  can  be  achieved  without  the  use  of  costly  material  or  product- 
ion treatments  would  reduce  the  movement  of  solutions.  Consequently  any 
procedure  that  enables  high  density  cement  pastes  to  be  produced  without 
the  need  for  large  compacting  pressures  could  be  a suitable  alternative 
to  reducing  the  alkali  content  of  cement.  A reduction  in  paste  permeabili- 
ty may  be  achieved  by  grinding  cement  more  effectively  and  modifying  its 
mean  particle  shape  so  that  adequate  workability  is  developed  at  a reduced 
water  content. 

Concluding  remarks 


Alkalies  are  present  in  varying  amounts  in  all  cements  and  con- 
cretes. They  do  not  affect  the  performance  of  cement  adversely 
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and  conpared  with  other  major  components,  their  effects  on  many 
of  the  properties  of  concrete  are  small. 


Alkalies  may  cause  some  surface  blemishes  in  concrete  such  as 


Alkalies  may  cause  more  complex  and  damaging  effects  in  concrete 
such  as: 

(a)  reaction  with  siliceous  aggregates,  and 

(b)  reaction  with  dolomitic  aggregates. 


Alkalies  produce  strongly  alkaline  solutions  which  have  the  bene- 
ficial effect  of  inhibiting  reinforcement  corrosion  and  minimizing 
steel  media  and  liner  plate  corrosion  in  wet  grinding  mills. 


Wet-dry  cycling  exposure  conditions  are  necessary  to  produce 
severe  efflorescence  and  scaling  problems.  Exposure  to  continu- 
ously wet  or  dry  conditions  does  not  cause  marked  efflorescence 
or  scaling. 


The  presence  of  some  alkali  in  cement  and  concrete  must  be  accept- 
ed since  it  is  neither  technically  nor  econcmiically  feasible  to 
remove  alkalies  completely.  Some  reduction  in  the  amount  of 
alkalies  in  cement  can  be  achieved  by: 

(a)  Choice  of  low-alkali  raw  materiaJs. 

(b)  Increased  volatilization  of  alkalies  by  high  burning  tempera- 
tures. This  procedure  also  increases  fuel  costs  and  may 
reduce  kiln  lining  life  and  kiln  output. 

(c)  Additions  such  as  calcium  chloride  to  raw  meal  to  increase 
the  volatilization  of  alkalies.  This  may  also  increase 
corrosion  and  dust  collection  problems. 

Cd)  Non-recirculation  of  precipitated  kiln  dust  which  may  be 
dumped  or  used  as  a lime  top-dressing  for  pastures. 


Improvement  in  the  performance  of  concrete  may  be  achieved  by: 
(a)  The  use  of  low  alkali  {<0.6%)  cements. 

Cb}  The  use  of  blends  containing  suitable  amounts  of  pozzolans 
such  as  burnt  clays,  volcanic  ashes  or  fly  ashes. 

(c)  The  substitution  of  non-reactive  aggregates  for  known 
reactive  aggregates 
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ed) The  use  of  surface  trt;atr.er.ts  or  barriers  to  prevent  al./.ali- 
containing  ground  water  fro:*;  being  atscrbel  by  ccncrete. 

Aggregates  should  be  tested  prior  to  use  ana  these  containing 
deleterious  components  discarded.  Standard  tests  are  available 
for  this  purpose.  It  sr.C'uli  be  noted  however  that  these  tests 
alone  are  not  suitable  fer  assessing  the  probable  behaviour  cf 
the  material  under  operating  exposure  conditions. 

An  improvement  in  concrete  performance  couin  be  accomplished  by 
reducing  the  permeability  of  cement  paste.  5y  modifying  the 
shape  of  cement  particles  and  reducing  the  vater/cement  ratio, 
the  rate  of  movement  cf  solutions  in  concrete  could  be  restricted 
sufficiently  to  minimise  the  staining,  efflorescence  and  scg.ling 
problems  and  other  desirable  physical  properties  of  cement  could 
be  improved.  Good  constructional  practices  would  still  be  ecsent- 
ial  to  ensure  complete  compaction  and  tight  Joints  and  to  elLmin- 
ate  undue  cracking. 
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cc!;thibutio:;s  to  discussion 


Firstly,  I join  Miss  Moore  in  expressing  regret  that  Mr.  Vivian  is 
not  present.  Second,  I applaud  the  emphasis  giver,  in  paragraph  1 of 
part  5 of  the  paper  on  environmental  effects  especially  the  statment 
"Alkalies  do  not  produce  any  significant  changes  in  concrete  that  is 
dried  out  and  is  then  kept  continuously  dry".  Third:  I inquire  whe- 
ther there  is  documentation  that  alkalies  in  cement  cause  or  encour- 
age "mould  growth"  as  noted  in  the  second  paragraph  of  part  5*  Fin- 
ally with  regard  to  the  point  about  high-alkali  fly  ashes  as  noted  in 
the  next  to  the  last  paragraph,  at  our  laboratory  ve  evaluated  fly 
ashes  of  various  alkali  contents  for  effectiveness  in  reduc  ng 
expansion  of  pyrex  glass  - high  alkali  cement  mortar  bars.  High- 
alkali  fly  ashes  were  less  effective  than  low-alkali  but  when  used  in 
appropriate  (larger)  amounts  were  equally  effective;  these  higher 
amounts  are  reasonable  and  economical  especially  in  mass  concrete. 


Mrs.  K.  Mathe: 


I would  question  Vivian's  poi.nt:  "Alkalies  do  net  produce  any  signif- 
icant changes  in  concrete  that  is  dried  out  and  kept  dry";  Hew  does 
this  compare  with  the  Hadley  explanation  of  reaction  with  low  alkali 
cement  in  the  semi-arid  climate  of  Kansas  and  Nebraska  where  drying 
the  concrete  concentrates  the  alkali  from  low  alkali  cement  and 
permits  reaction  to  occur.  Answer  to  question  by  3.  Mather  is  that 
the  concrete  in  Kansas  was  occasionally  subject  to  being  rained  on; 
thus  a different  situation  than  Vivian  envisioned. 


Ms.  A.E.  Moore 


In  Section  2,  paragraph  3,  H.E,  Vivian  suggests  that  high  sulphur 
fuels  promote  retention  of  alkalies  and  then  that  this  may  result  in 
a large  proportion  of  clinker  sulphate  which  is  not  readily  soluble. 
Surely  alkali  sulphate  is  highly  soluble,  a-nd  indeed  the  first  line  of 
Section  3 says  thisi  Pollit  and  Brown  (Tokyo  Symposium)  show  that  it 
is  very  unusual  to  have  less  than  J0%  of  clinker  sulphate  readily 
soluble . 


l)  On  Page  11  the  clain  is  made  that  recirculation  of  reclaimed 
precipitation  dust  generally  changes  the  raw  meal  composition  advers' 
ely.  This  contribution  lias  been  involved  with  this  reaction  for  a 
decade  now,  and  provided  it  is  correctly  carried  out  has  found  no 
such  adverse  effects . 
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2)  On  Page  12  it  is  noted  that  quality  is  said  to  improve  with  low 
alkali  cements.  This  contribution  is  not  clear  what  is  meant  by 
this.  Certainly  as  far  as  strength  and  many  other  properties  are 
concerned  high  alkali  cements  can  be  as  good  as  or  better  than  some 
low  alkali  cements.  This  matter  is  dependent  on  so  many  other 
considerations  that  a generalisation  such  as  this  is  not  warranted. 
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A possible  explanation  concerning  Mr.  Mather's  query  is  that  mould 
growth  will  be  inhibited  in -high  alkali  environments  and  this  may  be 
the  effect  referred  to  in  H.E. 'Vivian 's  paper.  - 
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ALKALI  COMPOUND  FORMATION  OF 
COMMERCIAL  PORTLAND  CEMENT  CLINKERS 


John  Mander 

Martin  Marietta  Cement 
Cement  Technical  Center 
1450  South  Rolling  Road 
Baltimore,  Maryland  21227 


The  effect  of  kiln  atmosphere  in  the  burning  zone  on  the 
formation  of  alkali  compounds  was  studied.  It  was  con- 
cluded that  the  double  salt  K3NS4  was  produced  under  re- 
duced kiln  conditions  while  C2KS3  tended  to  be  formed 
under  oxidizing  conditions. 


Th  . data  I wish  to  present  to  this  conference  was  based 
upon  x-ray  diffraction  studies  of  alkali  sulfate  compound  form- 
ations of  some  commercial  clinkers.  The  effect  of  reduced 
clinkers  have  been  the  subject  of  various  investigations  in  the 
past  (1,2),  and  also  much  has  been  published  on  the  alkali 
sulfate  compounds  (3,4)  in  cement  clinkers.  This  study  seems  to 
indicate  that  the  atmosphere  in  the  burning  zone  can  have  as  much 
influence  on  the  alkali  sulfate  compound  formation  as  does  the 
chemical  composition.  These  conclusions  are  tentative  and  could 
be  modified  as  additional  information  is  obtained  from  the  ionic 
concentration  of  the  liquid  phase  studies  currently  underway. 

The  effect  of  these  alkali  compounds  on  early  hydration  is  also 
being  investigated. 
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Figure  1 


This  study  was  prompted  by  two  relatively  recent  events  which 
occurred  in  the  cement  industry  of  the  United  States. 

1.  The  sudden  fuel  shortage  made  it  necesssrtry  for  plants 
which  had  praviously  burned  natural  gas  and/or  oil  to 
switch  to  less  expensive  coal  containing  higher  sulfur. 


Increasing  field  complaints  because  of  variable  water 
demand,  variable  setting  times,  and  incompatability 
with  some  admixtures  were  registered. 


I will  report  on  only  six  of  over  one  hundred  commercial 
clinker  composites  which  were  analyzed.  The  clinkers  discussed 
in  this  paper  were  produced  in  commercial  kilns  to  which  various 
amounts  of  dust  were  returned.  The  criteria  for  selection  were 
based  on  two  factors: 


1.  The  amount  of  alkalies  and  sulfates  in  the  clinker. 

2.  The  estimated  oxygen  deficiency  in  the  burning  zone 
during  the  production  of  these  clinkers. 


The  chemical  analyses  of  these  clinkers  (Table  1)  exhibit 
a general  range  of  alkalies  and  sulfur  which  could  be  expected 
during  various  production  periods.  Naturally,  when  the  clinker 
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alkali  and  sulfur  reach  the  upper  control  limits,  adjustments 
to  kiln  parameters  are  made  to  lower  them  to  acceptable  limits 


The  primary  method  of  alkali  sulfate  compound  determination 
was  by  x-ray  diffraction  studies  of  the  maleic  acid  residues  (5). 
Figure  1 shows  the  XRD  scans  of  these  clinkers  and  the  Cu  2-theta 
location  of  the  compounds.  Atomic  absorption  analysis  of  the 
maleic  acid  filtrate  is  also  tabulated  (Table  2) . This  analysis 
relates  the  chemical  composition  of  the  alite-belite  phases  plus 
the  free  lime  content.  Except  for  Clinker  "D"  one  finds  that 
the  chemical  composition  of  the  silicate  phases  remains  rather 
constant,  and>  the  greatest  differences  between  these  clinkers  are 
found  in  the  diffraction  studies  of  the  maleic  acid  residue. 

Table  3 relates  the  salient  differences  of  the  compound  products 
and  an  estimation  of  the  burning  zone  atmosphere. 
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It  becomes  apparent  that  the  compound  formations  are  con- 
tingent upon  not  only  the  amount  of  alkali  and  sulfur  but  also 
upon  the  burning  atmosphere.  Clinker  "A",  which  has  the  lowest 
alkali  sulfur  content  of  this  series,  appears  to  have  formed 
only  two  alkali  compounds:  arcanite  (KS)  and  the  alkali  sub- 

stituted C3A  (Jn,K)CsA3^  . One  could  assume  that  KS  is  formed 
until  the  sulfur  is  exhausted  then  the  remaining  alkali  is  con- 
sumed in  the  formation  of  (N,K)C3A3-  The  alkali  preference  for 
sulfur  appears  to  be  substantiated  by  Clinker  "B"  and  "C"  which 
differ  from  "A"  only  by  increasing  amounts  of  alkali  and  sulfur. 
In  the  "B"  and  "C"  clinkers  there  is  the  formation  of  calcium 
langbeinite  (KC2S3>  and  aphthitalite  (K3NS4)  in  preference  to 
(N, K)CsA3  of  Clinker  "A";  thereby  leaving  C3A  as  the  only  alumina 
compound . 
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Clinker  "D"  represents  the  product  of  an  experimental  burn 
which  inadvertently  was  conducted  under  severe  reducing  con- 
ditions, while  Clinker  "E"  was  collected  a few  hours  earlier. 

Only  the  kiln  atmosphere  was  different.  It  is  interesting  to 
note  that  K3NS4  appears  to  be  the  only  alkali  compound  present 
in  the  severly  reduced  clinker  while  under  less  reduced  condi- 
tions the  clinker  gave  strong  diffraction  patterns  for  both 
KC2S3  and  {N,K)CsA3.  This  would  seem  to  indicate  that  K3NS4 
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ia  a preferential  compound  when  produced  in  a reduced  kiln 
atmosphere . 

Clinker  "F"  would  again  seem  to  support  the  hypothesis 
that  kiln  atmosphere  can  dictate  minor  compound  formation. 

This  clinker  was  the  product  of  another  experimental  burn  in 
which  every  effort  was  made  to  maintain  an  oxidizing  flame. 

The  major  alkali  compounds  of  this  clinker  appear  to  be  the 
same  as  Clinker  "E”:  (N^KjCgAg  and  KCjSa.  As  mentioned 

earlier,  these  samples  were  selected  from  many  that  have  been 
analyzed.  These  particular  clinkers  were  selected  to  illustrate 
a relatively  high  "degree  of  purity  of  the  alkali  sulfur  compounds 
We  have  diffraction  patterns  on  which  we  have  identified  the  pre- 
sence of  K 67^1. We  have  also  observed  peak  shifts  for 
the  above  compound  which  indicate  that  a considerable  range  of 
the  solid  solution  series  of  K^NyS^  (where  x + y = z)  compounds 
may  be  possible  constituents  of  Portland  cement  clinker. 

Evaluations  of  the  maleic  acid  filtrate  analysis  of  these 
clinkers  (Table  3)  indicate  that  only  minor  portions  of  the 
alkalies  and  sulfur  are  found  in  the  silicate  phases.  This  gives 
additional  support  to  the  x-ray  diffraction  studies  which  place 
the  majority  of  thes^  elements  in  alkali  sulfate  and/or  afkali 
alumina te  compounds. 

In  summary  these  data  would  seem  to  suggest: 

1.  The  preferential  compound  formation  for  alkalies 
in  cement  clinker  is  in  some  combination  with  the 
sulfur.  When  the  sulfur  has  been  depleted  the 
alkalies  appear  to  form  (N.KjCgAs  ss  the  next  most 
preferential  compound. 

2.  The  burning  zone  atmosphere  seems  to  dictate  which 
alkali  sulfate  compound  is  formed.  KC2S3  tends  to 
be  produced  in  an  oxidized  flame  while  the  excess 
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alkalies  form  (N,K)C3A3.  K3NS4  appears  to  be 
fo:med  during  periods  of  reduced  burning  condi' 
tions  and  any  excess  alkalies  going  into  the 
silicate  pha se s . 
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TABLE  2 


Alkali  Sulfur  Analysis 
( 2.50  0.94 

; 1.10  0.62 

; 0.25  0.44 


Kiln  Atmosphere 
Extreme 

Reduced  Reduced  Reduced 


Slight 

Reduced 


Slight 

Reduced 


None  Detected 
Weak  Intensity 
Medium  intensity 
Strong  intensity 
Very  Strongintensity 


Clinker 

A 

B 

C 

D 

E 

F 

SiOj 

20.77 

20.55 

20.54 

21.12 

22.09 

21.74 

AI2O3 

0.94 

1.30 

1.00 

0.86 

0.80 

1.45 

FeaOs 

0.52 

0.62 

0.72 

0.53 

0.58 

0.59 

CaO 

55.05 

53.93 

52.78 

53.28 

54  .42 

53.95 

MgO 

1.29 

1.09 

0.94 

0.82 

0.96 

. 1.17 

SO3 

0.05 

0.06 

0.07 

0.13 

0.11 

0.15 

NaaO 

0.09 

0.10 

0.10 

0.14 

0.15 

0.11 

KjO 

0.21 

0.26 

0.20 

0.33 

0.21 

0.16 

TABLE  3 

compound 

Intensities  vs 

Kiln  Atmosphere 

A 

B 

c 

D 

E 
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ABSTRACT 


During  1971-197*1  a complete  new  plant  was  built  at  our  old 
Oe  Hoek  Works.  Features  of  the  new  plant  Include: 

A sophisticated  system  of  pre-blending  raw  materials  from  the 
quarry  which  permits  the  feeding  of  a thoroughly  blended  mate- 
rial to  the  next  stage  of  production.  Samples  of  the  material 
are  taken  by  an  automatic  sampler  and  are  analysed  by  an  X-ray 
fluorescence  spectrometer,  with  the  results  being  fed  directly 
Into  a process  control  computer.  The  chemical  analysis  Is  also 
used  for  the  next  stage  of  the  process  for  automatically  con- 
trolling the  rates  of  feed  to  the  raw  mill.  The  X-ray  fluo- 
rescence spectrometer  accurately  determines  the  calcium,  silica, 
iron,  sulphur,  magnesium,  alumina  and  potassium  content  of  the 
materials  concerned  within  two  minutes. 

The  kiln  Incorporates  a 4-stage  preheater  cyclone  system  and  the 
whole  operation  Is  controlled  by  extensive  automation  and  Instru- 
mentation operating  from  a centralised  control  room.  On  the 
whole,  the  plant  has  performed  well,  except  for  a series  of 
chokes  In  the  preheating  system.  The  frequency  of  these  has 
been  considerably  diminished  by  various  physical  modifications 
and  some  alterations  to  operating  procedures. 


The  Company  and  the  Works 


The  Cape  Portland  Cement  Company  was  Incorporated  In  192?  with  an 
original  share  capital  of  R700  000.  It  took  over  the  assets  of  the 
Hermon  C PIcquetberg  Lime  Company  and  established  its  first  factory 
at  Oe  Noek  about  six  kilometers  from  Piketberg. 

The  initial  manufacturing  capacity  was  Sk  000  tonnes  of  cement  per 
year  and  this  was  increased  through  the  following  thirty  years  to 
reach  270  000  tonnes  per  year.  The  next  extensions  were  at  Rie* 
beek  Vest  where  a kiln  was  started  In  19^9  and  a further  extension 
In  1968  brought  the  production  capacity  of  the  Company  to  roughly 
$20  000  tonnes  of  cement  per  annum. 


When  the  demand  for  cement  further  increased,  it  was  decided  to 
replace  the  old  plant  at  Oe  Hoek  with  a new,  modern  plant. 
Construction  of  this  plant  started  In  late  197?  with  the  kiln  being 
commissioned  In  June,  197^.  The  final  cost  of  the  new  plant  was 
roughly  fifteen  and  a half  million  Rand  and  it  Is  capable  of  pro* 
ducing  approximately  500  000  tonnes  of  cement  per  year. 


The  Raw  Materials 


Llrostone 

A hard,  blue-grey,  secondary  limestone,  extracted  by  open-cast 
mining  methods  from  a quarry  adjacent  to  the  Works.  The  material 
Is  drilled  and  blasted  and  then  transported  to  the  primary  jaw 
crusher  situated  within  the  quarry.  The  crushed  material  (-150  mm) 

Is  raised  by  a conveyor  belt  to  the  secondary  crusher  station 
sited  at  the  surface,  next  to  the  quarry.  This  station  houses  twin 
units,  each  consisting  of  a triple-deck  vibrating  screen  and  a 
Hazemag  Impact  breaker.  The  oversize  material  Is  crushed  (95t-25  mm) 
whilst  the  smaller  sized  fractions  coming  from  the  quarry  can 
either  be  diverted  to  the  waste  dump  or  combined  with  the  crusher 
product,  which  Is  conveyed  to  a stockpile.  There  are  two  stock- 
piles of  low/medium  grade  *'run-of-quarry"  limestone  and  one  high- 
grade  pile. 
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TABLE  I 

Typical  Analyses  of  Limestone  Samples  ex  Crushers 


constituents/  Low/Hedium  grade 


!S  twin 

« 

it*2S  "m) 


Ratios 

* 

% 

% 

SiOj 

13.5 

n.5 

9,1 

AI2O3 

3.0 

2.5 

2,1 

Fe20j 

1 .0 

0.5 

0,6 

Ca  0 

66.7 

68.9 

50.1 

SOj 

0,3 

0,2 

0,6 

K2O 

0,7 

0.5 

0,5 

HgO 

1,5 

).3 

1.2 

Na20 

0.6 

0.2 

0,3 

Cl 

0.007 

0,006 

n.a. 

L.S.F. 

ill, 5 

135.3 

176.2 

Silica  Ratio 

3.6 

3,5 

3,5 

A/F 

3,0 

3.1 

3,6 

High  grade 

% 

I 6.5 

1 2,2 

6 0,9 

1 51,0 

6 0,6 

5 0,6 

2 0,9 

3 0,3 

I.  n.a 


TABLE  2 

Variation  of  K2O  and  SOj  content  in  Limestone  Samples 


'Vf 


i.ti; 


a .,- 


¥<*v. 


■bi 
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Shale 


Most  of  the  overburden  on  top  of  the  limestone,  and  the  material 
surrounding  it,  consists  of  a soft  yellow  shale.  Prior  to  in- 
stalling the  new  plant  at  the  Works  the  raw  mix  used  to  consist 
solely  of  limestone  and  shale.  Much  of  the  limestone  deposit  con- 
sists of  a mixture  of  a slightly  harder  grey  shale  (with  a compo- 
sition similar  to  that  of  the  yellow  shale)  and  the  much  harder 
limestone.  When  there  is  an  excessive  amount  of  shale  mixed  with 
the  limestone  it  Is  screened  out,  as  described  above,  to  upgrade 
the  qua! ity. 

Yellow  shale  is  extracted  and  fed  through  the  system  as  and  when 
required,  and  stored  in  a separate  stockpile. 


£ I .r.,-n 


Cr>M. 
CC'U-U  ll 


TABLE  J 


Typical  Analyses  of  Shale  Samples  ex  Crushers 


Constituents 


Storoi 


T . p<-wr' 


About  2t  of  river  sand  and  1,2%  of  iron  ore  (haematite)  are  added 
to  the  raw  mix  (on  average)  in  order  to  keep  the  silica  and  A/F 
ratios  as  constant  as  possible. 


TABLE  A 


Typical  Analyses  of  Sand  and  Iron  Ore  Samples 


Material 


% 

% 

% 

% 

65,5 

71.5 

60,2 

57.0 

12.8 

13.4 

16,4 

17.1 

8,7 

9.2 

7,5 

8,0 

- 

- 

2,8 

4,2 

- 

- 

0,1 

0,4 

2,8 

2.8 

3.3 

2,8 

M 

1.0 

1.6 

1,4 

n.a. 

n.a. 

0,4 

0,7 

n.a. 

n.a. 



0,1 

0.1 

Si02 

'’'2°3 

f*2°3 

CaO 

S03 

KjO 

MgC 

MajO  Cl 

% 

— 

% 

% 

% 

% 

% 

% % 

97.7 

1,2 

0,9 

0,03 

0,3 

0,1 

0,1  0,04 

17.3 

3,9 



66,2 

1 .2 



0,2 

0,5 



0,7 

0.3  tr. 

THE  RAW  MIX  CONTROL 


X-ray  Spectrometer: 


Type: 

X-ray  tube: 


Multichannel  MRS-2T 


X-ray  tube:  Ag  Cr  61  with  chrome  anode 

Elements:  Fe  Mg  S Ca  K Al  Si 

Crystal:  LiFlOO  AdP  PET  Quartz  PET  PET  PET 

Counting  time:  2 min. 

Tube:  KV/MA  SO/AA 

Press:  Hertzog  Automatic  Press 

Communication  between  X-ray  spectrometer  and  computer  is  established 
by  means  of  the  following  signals:  32  digital  inputs,  A digital 

interrupts  and  1A  digital  outputs  from  S/7. 


IBM  S/7  Model  AI6 

Storage:  16  K words,  each  consisting  of  16  bits 

Typewriters:  1 - 5028  operator  station 

2 - 1053  printers 

Disks:  1 Fixed 

A Removeable 

Power  failure  interrupt 
Automatic  restart 
Interval  times 
Analog  Inputs  S6 

Digital  Inputs  128  (32  Process  Interrupt) 

Digital  outputs  A6 


SALA  sampler 

Situated  between  the  secondary  crushers  and  the  preblending 
stacker,  this  device  automatically  samples  (at  pre-set  Inter- 
vals) all  material  being  conveyed  to  the  various  stockpiles; 
it  reduces  the  sampled  material  to  a coarse  powder  and  splits 
and  mixes  it.  When  the  sample  is  collected  a button  is 
pressed  to  indicate  to  the  computer  that  this  has  been  done, 
and  the  computer  then  "reads"  the  btU  weigher  In  order  to 
determine  the  quantity  (in  tonnes)  of  material  which  the  sam- 
ple represents. 

FLS  Raw  mix  sampler 
Situated  after  the  raw  mill. 
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The  Stocker  lays  down  the  piles  of  crushed  limestone  in  a 
series  of  i*00  longitudinal  layers,  arranged  in  the  "windrow" 
fashion  (NOT  chevron  pattern).  There  are  two  "run-of -quarry* 
limestone  stockpiles,  one  high-grade  limestone  pile#  and  one 
shale  stockpile.  The  reclaimers  are  fitted  with  swivelling 
bucket-wheels  which  cut  across  the  entire  kOO  layers  (built- 
up  over  several  days)  each  5 minutes.  The  theoretical 
blending  effect  is  20  : 1 (i.e.  square  root  of  kOO) , and,  as 
far  as  can  be  ascertained,  this  is  borne  out  in  practice. 


2.  Two  storage  s I los 


One  for  river  sand  and  one  for  iron  ore 


Schcnck  weighin' 


Belt  weighers  to  record  rate  and  weight  of  material  stock 
piled,  and  control  speed  of  stacker,  and  reclaiming  rates 


Four  wei gh-feeders , controlled  by  the  computer,  to  proportion 
and  control  the  fued  to  the  row  mill. 


Tira^-unidan  miif,  rated  at  iiO  tonnes  per  hour  for  a product 
with  10%  residue  on  the  170  mesh  screen. 


Each  of  6000  tonnes  capacity,  -ind  fitted  with  a "misch  kammer* 
Guaranteed  to  have  a blending  effect  of  5 : 1. 


The  raw  materials  are  fed  to  the  prehoncgonlsing  store  via  a 
belt  weigher  and  an  automatic  sampler.  The  material  Is  de- 
posited on  ona  of  four  piles.  An  account  is  kept  by  the 
computer  of  the  contents,  in  tonnes,  of  wet  materials  in  each 
pile.  During  the  filling  up  of  a pile,  the  overage  chemical 
analysis  is  calculated 
The  basis  for  tnese  calculations  is: 

Samples  taken  rut  by  the  automatic  sampler,  as  well  as  analog 
and  digital  signals  frer,  the  prehomogon i s i ng  store  and  the 
feeders  of  the  raw  mill. 


The  quality  of  the  kiln  feed  Is  controlled  by  blending  four, 
thrci  or  two  raw  materials.  The  chemical  requirements  as  rc 
gards  the  kiln  feed  are  determined  by  setpoints  for: 
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The  quality  of  the  kiln  feed  is  controlled  on  the  basis  of 
average  raw  mix  samples  taken  after  the  Raw  Hill. 

The  chemical  requirements  as  regarding  the  raw  mix  are  deter- 
mined as  follows:  After  passing  the  Claudius  Peters  homogeni 

sing'silos,  the  raw  mix  should  fulfill  the  required  setpoints 
as  far  as  possible.  The  automatic  sampler  of  the  raw  nlU  is 
emptied  about  once  every  hour.  The  analysis  of  this  average 
sample,  and  the  correspond ing  consumption  in  tonnes  of  each 
of  the  four  raw  materials,  Is  used  for  up-dating  the  lime- 
stone analysis.  The  knowledge  of  the  raw  materials  analysis 
and  the  deviations  accumulated  are  used  in  the  calculation 
of  the  proportioning  of  the  raw  materials  to  be  fed  to  the 
raw  mill  in  the  next  hour. 


proport  ion 


a product 


A raw  mix  sample  is  taken  evary  hour  mixed  and  analysed. 

The  analytical  procedure  used  is: 

Grind  kO  gram  Raw  Mix  0,5  gram  Boric  Acid  for  U minutes  in 
a Bleuler  Ring  Hill.  29  Grams  of  ground  material  + I gram 
wax  is  then  mixed  for  2 minutes.  A special  commun lent  ions 
code  is  then  dialed  indicating  to  the  computer  the  type  of 
analysis,  production  line,  type  sample  and  sample  no.  The  sam- 
ple is  then  fed  to  the  press,  the  spectrometer  started,  and  kj 
minutes  later  the  results  are  typed  out  on  the  one  1053  printer 
New  % setpoints  are  also  automatically  calculated  for  the  U 
feeders  and  printed  on  the  other  1053  printer.  The  feeders  are 
set  to  the  new  percentages  by  the  computer,  and  a new  updated 
limestone  analysis  is  calculated. 


xh  kammer’' 


chemical 


The  X-ray  Is  serviced  daily  by  laboratory  assistants  and  stan- 
dard samples  (tablets)  are  analysed.  If  these  analyses  are  out 
of  limits  (0.5  LSF,  0,1  SR  and  0,1  A/F)  the  X-ray  is  recalibrated. 
Once  a shift  a quality  control  sample  is  analysed  - including 
sample  preparation.  These  analyses  are  used  to  check  the  ■jccuTracy 
of  the  spectrometer  and  t**e  sample  preparation.  A number  of  s.afcty 
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precautions  are  incorporated  in  the  computer  programs  to  prevent 
the  analysis  of  the  wrong  material  as  raw  mix.  Measurement  of 
relative  half-width  is  done  every  month  as  further  check  on  the 
sp.-'ctrometer. 

The  X-ray  Is  at  present  used  to  analyse  raw  mix,  kiln  feed, 
limestone,  filter  dust,  clinker  and  cement  (for  gypsum  control). 

TABLE  5 

Typical  analyses  of  limestone  and  shale  ex  stockpiles,  raw  meal  ex 
mill,  and  raw  mix  as  fed  to  kiln  (l.e.  after  silos). 


Weekly  Clinker  Ai^alyscs  for  Five  weeks 


TABLE  6 


Week  ended  : 20.6. 7fc  27.6.76 


4.7.76  M.7.76 


18.7.76 


Loss  on  Icn. 


Constituents 

Limestone 

% 

Shale 

% 

Raw  meal 
% 

Kiln  feed 
% 

SiOj 

9,9 

6I»,5 

13.8 

13.7 

AI2O3 

2,‘f 

12.9 

2,9 

2,9 

0.9 

8.3 

2.3 

2,2 

CaO 

‘*6,S 

0,01 

‘>2,3 

'•3.1 

SO3 

0,4 

- 

0.7 

0.8 

KjO 

0,6 

2.9 

0.8 

0.8 

HgO 

1.3 

l.l 

0.9 

1 ,0 

Na^O 

n.a. 

n.a. 

n.a. 

0.1 

Water-soluble  Cl 

n.a. 

n.a. 

n.a. 

0.01 
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An  F.L.  Smidth  (Denmark)  kiln,  with  a l*-stage  preheater  consisting 
of  twin  first-stage  cyclones  and  single  second-, third-  and  fourth- 
stage  cyclones.  The  kiln  is  66  m long  and  has  an  Internal  diameter 
(before  lining)  of  ^,35  rn.  It  Is  fitted  with  nn  F.L.S.  conditio- 
ning tower  and  electrofilter.  Raw  meal  feed-rate  is  controlled  by 
means  of  a Schenck  sol Ids-f lOwmetcr  and  the  kiln  Is  coal  fired,  and 
consumes  approximately  3,k3  MJ/kg  clinker  (320  k. cals/kg.).  Ope- 
ration commenced  on  20  June  197k. 


Guaranteed  output  rate  of  clinker  is  1150  metric  tonnes  per  day, 
but  the  kiln  operates  comfortably  anywhere  In  the  range  1050  to 
1350  tonnes'  per  day.  It  has  been  operated  as  low  as  950  and  as 
high  as  1390  (possibly  even  higher)  tonnes  per  day,  but  at  these 
extremes  constant  supervision  is  necessary. 


It  was  predicted  by  F.L.S.,  from  the  alkal i/sulphate  ratios  of  our 
materials,  that  we  could  expect  a “soft**  build-up  in  the  riser 
pipe  between  the  kiln  and  the  kth-stagc  cyclone,  and  that  this 
material  would  harden  If  it  was  not  removed  on  a regular  basis. 

This  has  been  the  case,  and  the  material  Is  removed  twice  a shift 
by  poking  through  holes  provided.  If  this  is  net  done  the  pressure 
drop  in  this  area  builds  up  visibly  on  the  chart.  In  two  years  of 
operation  it  has  not  been  necessary  to  stop  the  kiln  for  a major 
build-up  in  this  area. 


Build-ups  of  material  (also  relatively  soft)  have  occurred  at 
various  points  in  the  cyclone  pre-heater  system,  and  after  22  weeks 
operation  (twice)  these  have  apparently  started  breaking  up  under 
their  own  weight,  and  the  lumps  falling  down  have  caused  chokes 
in  ducts  where  there  are  restrictions,  in  some  cases  resulting 
In  cyclones  filling  up  with  hot  material.  This  has  necessitated 
stopping  the  kiln  for  a day  until  the  cyclone  was  cleared. 

Various  modifications  have  been  made  to  overcome  this  problem,  as 
described  below: 


ions 


March  1975  (during  first  major  kiln  shut-down) 

I.  Thermocouple  removed  from  feed  pipe  below  No.  k cyclone  into 
kiln  and  resited  in  the  cyclone  itself.  (This  caused  several 
chokes  by  trapping  lumps  which  would  otherwise  have  passed 
through  Into  the  kiln). 


..Vi’s,*!;-,, 


2. 

3. 

i|. 


The  Flexible  joint  In  the  above  pipe  was  moved  to  a different 
position,  and  poke  holes  were  provided. 

Additional  poke  holes  were  provided  throughout  the  system. 

An  inspection  door  was  provided  In  the  top  of  the  i»th  cyclone 
so  that  a ledge,  where  material  settles,  can  be  cleaned  when 
necessary. 

November  1975 

5.  All  flexible  joints  were  lagged  (to  prevent  “condensation*'  of 
hot  material ) . 

Feb. /March  1976  (during  second  major  shut-down) 

6.  Alteration  to  Inlet' of  No.  i*  cyclone  - to  change  Its  shape  to 
the  approximate  “natural"  shape  caused  by  build-ups  In  this 
area  - as  recommenced  by  F.L.S. 

May  1976 

7.  Air  jets  provided  at  the  "splash-plate"  at  the  entrance  of  the 
feed  pipe  from  No. 3 cyclone.  (This  splash  plate  had  become  dis- 
torted and  was  removed  on  22  Jan.  1976  as  it  was  obviously 
causing  chokes.  During  March  *76  It  was  replaced  with  a 
thicker,  stronger  plate,  but  there  was  still  a tendency  to 
choke  on  start-up.  Operating  the  airjets  for  about  an  hour 
after  each  start-up  has  prevented  further  chokes  In  this  area). 

Operational  Changes: 

1,  Reduce  feed-rate  to  kiln  before  any  planned  stops  of  the  kiln. 
Because  of  the  long  “feed-line",  if  this  Is  not  done,  on  re- 
starting the  kiln  it  is  initially  “flooded**,  and  then  “starved" 
- during  which  period  material  (consisting  mostly  of  dust  re- 
turn) gets  over-heated  and  tends  to  form  lumps. 

2,  STOP  the  kiln  Immediately  at  the  first  indications  (given  by 
instruments)  of 'a  possible  choke.  The  first  few  times  in- 
spections were  made  (without  stopping)  and/or  Instruments  were 
checked,  by  which  time  a minor  choke  had  become  a major  choke. 

3, ’  Regular,  careful  maintenance  of  the  conditioning  tower.  Faults 

in  this  system  result  in  it  choking,  which  reduces  the  total 
amount  of  material  going  to  the  kiln  and  this  results  in  over- 
heating In  the  preheater. 

A.  The  dust  return  system  Is  onpti^id  during  stops.  Otherwise 

''uncontrolled"  amounts  of  material  are  fed  to  the  kiln  during 
the  restart. 
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5.  The  ledge  on  No,  k cyclone  is  cleaned  during  any  scheduled 

stops  (for  ether  purposes)  of  about  k hours  or  nore.  This  was 
first  done  on  28  Novenber  ‘75»  there  was  a large  build-up. 
On  26  Jan.  '76  the  build-up  w-'S  nuch  snaller,  and  on  ^5  June 
1976  (after  physical  nv:idi  fleet  inn  No.  6)  there  was  no  build-up. 

The  Works  Manager  believes  that  the  nost  significant  physical  modi- 
fications made  were  numbers  I and  7,  and  that  the  most  time-saving 
operational  change  is  No.  2 - there  have  been  no  major  chokes  since 
this  was  introduced. 

TABLE  7 

Analyses  of  Various  Materials 


Ki  In 

Fi 1 ter 

Oust 

Riser 

Cyclone  1 

Constituents 

feed 

(1) 

(2) 

* 

Pipe 

** 

F j ns 

% 

% 

* 

% 

% 

SiO^ 

|i(,0 

21,3 

'‘*.7 

15,1 

13.7 

13. ii 

AI.Oj 

2.8 

5.7 

‘‘.2 

It. 5 

3.8 

i*,0 

F620j 

1.8 

3.7 

2,8 

2,9 

1 .7 

2.2 

CaO 

43.0 

65,2 

li0, 1 

39. 'i 

39. A 

45,8 

S03 

0.7 

0,9 

1 ,5 

1 ,7 

12.2 

2,8 

K20 

0,8 

1 .0 

1 

1 .l* 

2.9 

16,6 

MgO 

0.9 

1.8 

1.0 

1 .0 

0.9 

2.8 

N320 

0.3 

0.2 

n.3. 

n.a. 

n.a. 

5.4 

i 

0,02 

0,002 

0,13 

0,19 

n.a. 

i 1.0 

\ Loss  on  ign. 

3‘<.5 

0.3 

n . .a . 

n.a. 

, n.a. 

' 5.9 

* A porous,  fairly  hard,  greyish  material  removed  from  the  riser 
pipe  on  11.2.75.  Note  the  high  SO^  content. 

**0n  28th  Noveri>er  1975  the  top  side  door  on  No,  k riser  pipe  was 
opened  for  inspection,  A build-up  consisting  of  soft  material 
and  hard  coating  In  form  of  fir.s  was  found  In  the  top  of  the 
cyclone.  These  fins  were  removed  and  a portion  analysed.  Note 
the  high  alkali  content. 
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CHLORIDE  CYCLE 

Although  the  chloride  content  of  our  materials  is  relatively  low,  a 

high  concei'.t  rat  Ion  does  build  up  in  some  areas  of  the  kiln.  This  Is 
illustrated  (»n  round  figures)  In  Figure  1.  Chlorides,  however,  are  not 
considered  to  be  a fiajor  problem. 

TABLE  9 

Chloride  concentrations 


Raw 

meal  ex  ml  1 L 

II 

II  II  II 

II 

II  II  II 

Ki  In 

1 feed  ex  silo 

Raw 

water 

Cl  inker 

1 1 

II 

Dec.  1975 
Jan.  1976 
Feb.  1976 
Jan.  1976 

Jan.  1976 
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FIG.  I 
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Ci^NCLUSION 

Table  8 has  been  of  assistance  in  developing  measures  to  prevent 
chokes,  or  at  least  to  reduce  their  severity. 

On  two  occasions  the  main  trouble  commenced  22  weeks  after  firing- 
up  the  kiln  - i.c.  22  weeks  after  starting  with  cyclones  free  from 
build-ups.  Thereafter  most  cyclone  chokes  were  associated  with 
kiln  stops  (where  more  than  12  hours  had  elapsed  since  the  previous 
stop  It  was  not  considered  relevant).  This  led  (a)  to  physical 
modification  No.  1 - which  seemed  to  push  most  of  the  chokes  from 
No.  k cyclone  up  to  No.  3 cyclone,  and  this  in  turn  led  to  modi- 
fication No.  7.  This  splash  plate  (to  “splash"  the  feed  into  the 
riser  pipe  leading  to  No.  is  situated  at  the  bottom  of  a long 
vertical  duct  from  cyclone  No.  3.  ♦''S  long  as  the  material  keeps 

flowing  there  is  no  trouble,  but  during  a stop  it  seems  to  harden 
up  and/or  become  sticky,  so  that  it  no  longer  flows  freely,  and 
therefore  chokes  up  No.  3 cyclone.  Operating  the  air  jets  for 
about  an  hour  after  each  stop  seems  to  prevent  this. 

It  is  now  18  weeks  since  firing  up  the  kiln  (with  clean  cyclones) 
for  the  third  time  - and  we  are  all  awaiting  the  22nd  week  with 
hopeful  interest! 
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ALKALI  REDUCTION  IN  CEMEiT  KILNS 


DR.  J,  SVENDSEN 


7.L.  SxDidth  & Co,  AjS 
Denmark 


Comparison  is  made  between  the  wet  and  dry  processing  plants  for 
cement  manufacture.  I^pical  alkali  reduction  capabilities  fcr 
various  kiln  systems  ere  given  and  dry  process  kilns  with  energy 
efficient  preheater  systems  are  seen  to  produce  clinker  with  higher 
alkali  contents  than  normal  for  older  systems  wet  or  dry.  Modern 
calcining  technology  has  made  construction  of  efficient  bypass 
systems  possible  >rtiich  allow  alkali  reduction.  These  systems  may 
be  used  in  combination  with  energy  efficient  dry  process  kilns. 


Alkalies  in  Ct  inent  Raw  Materials,  Production  Processes  and 


Aikali  Reduction  Systems 


Both  arc- 


Product  All 


Alkalies  ;n  Portland  Cement  have  drawn  attention  over  the  last  two 
decades  due  to  a combination  of  factors; - 


Changes  in  cement  plant  technology 
Energy  Conservation 
Environmental  compatability 
Alkali-silica  reactions  in  concrete 


The  development  in  cement  plant  technology  has  been  a continuous 
change  from  wet  to  dry  process  owing  to  the  superior  energy  efficiency 
of  modern  dry  process  kilns.  Steeply  increasing  fuel  prices  over  the 
past  couple  of  years  has  accentuated  this  trend. 


Calls  for  pollution  control  by'  the  modern  society  are  being  met  by 
installation  of  dust  precipitators  with  collection  efficiencies  exceeding 
99.  5 %.  .As  a consequence,  the  alkalies  from  cement  raw  materials 
increasingly  tend  to  end  up  in  the  cement.  Due  to  their  volatility  at 
sintering  temperature,  they  circulate  in  the  process,  particularly  in 
the  kiln  system,  and  may  cause  clogging  problems  in  gas  ducts  and 
eyclor.es. 
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In  the  same  two  decades  it  has  been  established  that  harmfull  reactions 
occur  between  cement  alkalies  and  certain  types  of  aggregate.  Fortunatt 
these  types  of  aggregate  though  widespread  are  not  encountered  every- 
where. 


Alkaltes  in  cement  do,  how'ever,  offer  some  advantages,  viz 


Improved  noduli^ation  ot  clinker  in  the  kiln 
Higher  earlier  strength  of  the  cement 


Both  are  of  some  importance  for  the  cement  manufacturer, 


Production  Processes 


Although  the  greater  part  of  new  cement  plants  to-day  are  employing 
the  dry  process,  many  wet  plants  are  still  in  operation  and  will  be 
in  production  for  years  ahead.  Typical  flow-sheets  are  seen  on  fig.  1 
and  2. 


When  a reduction  of  the  alkali  content  of  the  cement  is  required,  this 
must  generally  be  performed  by  modifying  the  kiln  section  of  the  plant. 
That  is  apart  from  the  fairly  rare  cases  where  supply  of  alternative 
low -alkali  raw  materials  can  be  obtained. 


nuous 

y efficiency 
over  the 


Fig.  3 shows  the  principal  types  of  traditional  cement  kilns.  The 
capacity  of  FLS-kilns  sold  between  1960  and  1974,  divided  up  according 
to  kiln  type,  is  given  on  fig.  4.  The  trend  has  clearly  been  towards 
the  energy  efficient  dry  process,  which  since  1974  constitutes  more 
than  90  % of  our  sale  of  kiln  capacity,  A continuation  of  this  trend 
(see  also  fig.  5)  is  likely  to  result  in  a world  production  capacity 
distribution  approaching  one  quarter  wet  and  3 quarters  dry  process 
by  1985  (see  fig.  6). 
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However  the  consumer  must  pay  attention  to  the  existing  plants,  as 
they  supply  the  cement  he  is  using  to-day.  In  the  L'.S.  A.  some  60  % 
of  all  kilns  arc  of  the  wet  type  and  30  'h  are  more  than  40  years  old. 
The  dry  process  plants  in  the  1.'.  S.  A.  are  dominated  by  long  kilns 
(85  %)  and  20  To  are  40  years  old  or  more.  This  picture  will  change 
as  90  To  of  the  planned  dry  process  installations  will  be  of  the  cyclone 
preheater  type. 
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Alkali  Reduction  in  Kiln  Systems 

A sizeable  portion  of  the  alkalies  are  evaporated  in  the  kiln  oiling  to 
their  relatively  high  vapor  pressure  at  the  sintering  temperature  (see 
fig.  7).  Part  of  the  alkalies  is  caught  and  recycled  from  the  colder 
parts  of  the  kiln,  preheater,  filtre  and  ra«  mill  - if  the  smoke  gasses 
are  utilized  for  drying  of  raw  materials.  Repeated  evaporation  and 
condensation  results  in  an  increasing  internal  circulation,  until  equi- 
librium is  reached,  whereby  the  system  gives  off  the  same  quantity  of 
alkalies  as  contained  in  the  kiln  teed. 

The  kiln  systems  vary  with  regard  to  alkali  trapping  efficiency,  depending 
on  the  preheater  and  heat  exchanger  type  (see  fig.  8).  In  short  when 
conserving  energy  - alkalies  are  conserved  as  well. 

The  smoke  gasses  are  dedusted  in  filtres,  mainly  electrostatic  precipitators. 
The  composition  of  dust  frorn  these  installations  may  be  fairly  rich  in 
alkali  for  certain  'open'  kiln  systems,  and  the  content  of  alkali  in  the 
clinker  may  be  lowered  by  discard  of  a fine  fraction  of  the  dust. 

Unfortunately  this  method  is  only  effective  in  wet  process  plants,  due 
to  Ae  dust  composition  (see  fig.  9).  Even  for  the  wet  process  it  is  only 
kilns  operating  as  so-called  nodule  kilns,  which  can  employ  this  principle 
of  alkali  reduction.  Large-diametre  kilns  usually  operates  as  'dust'  kilns 
yielding  precipitator  dust  with  moderate  contents  of  K2O. 

The  concentration  of  alkali  in  the  dust  depends  on  whether  the  vapors 
of  alkali  are  condensed  as  individual  droplets  or  on  the  surface  of 
solid  particles.  The  latter  is  normal  in  dust-operated  wet  kilns,  long 
dry  kilns,  and  particularly  in  cyclone  preheater  kilns. 

Consequently,  only  some  (small  capacity)  wet  plants  can  reduce  the 
alkali  content  of  clinker  by  rejecting  precipitator  dust.  And  filter  dust 
disposal  to-day  is  no  easy  matter  due  to  restrictions  from  anti-pollution 
authorities.  One  way  to  overcome  this  problem  is  to  leach  the  dust  with 
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wutir  and  recycle  the  alkali -free  slurry  to  the  kiln.  I'he  diesoU'ed 
alkalies  in  the  effluent  from  such  a plant  (see  fig.  10)  gives  a strongly 
alkaline  reaction  and  may  require  neutralization  with  acid  before 
disposal.  Also  a leaching  plant  costs  money  to  construct  and  operate, 
and  the  leached  slurry,  when  added  to  the  kiln  slurry,  often  results  in 
a higher  overall  water  content  in  the  kiln  feed. 

In  the  4-stage  preheater  kiln  a certain  reduction  of  the  alkali  content 
can  be  made  by  means  of  a so-called  by-pass  (see  fig.  11).  The  by-paSs 
is  unfortunately  a capital  demanding  installation,  and  it  increases  the 
fuel  .expenditure.  Actually  most  by-pass  installations  are  made  for 
chloride  reduction.  This  is  due  to  the  limited  effect  on  the  alkali  content 
of  the  clinker  (see  fig.  12).  Mainly  K2O  is  reduced  (see  fig.  13  and  14). 
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The  heat  penalty  incurred  due  to  the  alkali  by-pass  is  quite  heavy 
(see  fig.  15)  and  the  producers  arc  generally  not  tempted  to  install 
such  equipment  unless  compelled  to  for  production  reasons,  viz,  serious 
clogging  problems  arising  when  the  clinker  alkali  content  exceeds 
approx.  2 %.  Disposal  of  dust  is  again  a problem  with  by-pass  ope- 
ration. 

-Advanced  Kiln  Systems 

The  development  of  calcining  systems  in  recent  years  has  been  directed 
towards  3 main  objects,  viz.  *• 
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1.  Reduction  of  the  installation  cost  of  kilns 
compared  with  the  4 -stage  preheater  system 

2.  Production  capacities  up  to  10  000  mtpd 
on  moderate  diametre  kilns 
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3.  Improved  by-pass  efficiency  combined  with 
an  energy  efficient  dry  process  kiln 
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The  new  kiln  syiteHiS  we  have  developed  (see  enclosures  No.  1,  2 and  J) 
and  their  application  with  regard  to  cost,  capacity  and  alkali  reduction 
is  shown  on  fig.  16. 

For  outputs  up  to  approx.  -4500  mtpd.  integral  calcining  kilns  (see  fig.  17), 
with  calcining  in  suspension  at  the  kiln  inlet,  are  the  most  inexpensive 
of  all  commercial  rotary  kiln  systems.  A special  scooping  device  at 
the  kiln  inlet  raises  the  degree  of  calcination  from  a maximum  of  30  % 
in  the  conventional  4-stage  preheater  kiln  to  about  50  - 60  The  length 
of  the  kiln  is  consequently  some  40%  shorter  than  a 4-stage  kiln.  .An  efficient 
by-pass  cannot  be  established  on  this  kiln  system,  as  the  alkalies  are 
extensively  condensed  on  particulate  surfaces  before  the  kiln  gasses 
leave  the  kiln. 

For  outputs  ranging  from  4500  - 10  000  mtpd  the  calcining  kiln  with 
separate  calciner  and  hot  air  Y>ipc  from  the  clinker  cooler  is  the  only 
system  that  will  will  give  a reasonable  kiln  diametre.  This  kiln  system 
employs  a supply  of  only  30  % of  the  fuel  in  the  kiln  proper,  compared 
with  100  % in  the  4-stage  kiln.  Hence  alkalies  evaporated  in  the  sintfering 
zone  are  concentrated  in  a much  smaller  volume  of  gasses,  and  a 
by-pass  will  be  3 times  as  efficient  compared  with  systems  where  all 
gasses  are  drawn  through  the  kiln.  Or  - the  heat  penalty  will  be  con- 
siderably less.  (See  fig.  18) 


We  have  developed  a special  version  of  this  system  (see  fig.  19)  for 
raw  materials  with  high  contents  of  volatile  matter  or  for  maximum 
alkali  reduction.  In  this  system  all  gasses  leaving  the  kiln  are  extracted 
from  the  system,  whereby  the  biggest  possible  alkali  drain  is 
established.  The  heat  penalty  is  100  - 150  kcal/kg  clinker,  including 
the  heat  of  evaporation  o;  alkali  compounds,  which  could  for  example 
amount  to  40  kcal  kg  clinker.  The  heat  loss  is  also  dependent  on  the 
dust  lost  from  the  by-pass,  which  is  quite  low  due  to  the  relatively  low 
gas  velocity  at  the  kiln  inlet  and  the  high  degree  of  calcination  of  the* 
raw  meal. 


o«u.fS  No.  1.  2 and  2)  In  ca.sc«  v.hero  a laryo  and  variable  by-pass  is  rt-quired,  for  example 

and  alk..li  reduction  0-100  the  gas  ducts  are  arranged  as  indicated  on  fig.  20.  A large 

kiln  of  this  type  produces  ordinary  Portland  clinker  at  approx.  750  kcal/kg 
and  low -alkali  clinker  at  850  - 900  kcal/kg  clinker,  with  a 100  % by-pass. 

inir.g  kilns  (sec  fig.  17). 

the  most  inexpensive  Conclusion 

scooping  device  at  Typical  alkali  reduction  capabilities  for  various  kiln  systems  are  given 

a maximum  of  30  % jjg  21.  It  is  clearly  seen  that  conventional  dry  process  kilns  with 

50  - 60  %.  The  length  energy  efficient  preheater  systems  produce  clinker  with  higher  alkali 

a 4-stage  kiln.  An  efficient  contents  than  normal  for  older  systems,  wet  or  dry.  By-pass  installations 

as  the  alkalies  are  be  used  for  alkali  reduction,  but  are  not  normal  to-day  due  to 

e the  kiln  gasses  extra  costs  of  installation,  higher  fuel  consumption  and  relatively  low 

efficiency.  Modern  calcining  technology,  however,  has  made  construction 
of  highly  efficient,  low -energy-loss  by-pass  systems  possible  in  combina- 
alcining  kiln  with  tion  with  energy  efficient  dry  process  kilns. 

cooler  is  the  only  ’ 

re.  This  kiln  system  -pbe  trend,  however,  will  undoubtedly  continue  towards  higher  alkali 

In  proper,  compared  contents  in  cement  due  to  the  gradual  close-down  of  small  scale  factories 

located  in  the  sintering  operating  with  inferior  economy  compared  with  large 

r gasses,  and  a process  facilities.  (See  fig.  22).  The  potential  alkali  reducers,  viz. 

systems  where  all  operators  of  small  wet  kilns  are  generally  not  in  a position  to  accept 

lenalty  will  be  con-  additional  operating  expenses  for  alkali  reduction  unless  they  can  be 

passed  on  to  the  consumer. 
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F.  L,  SMID  TH  KILN  CAPACITY  SOLD  19C0 
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ANALYSES  OF  DUST  FROM 
ELECTRO FILTRES  ETC. 
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It  is  interesting  to  observe  th^t  the  alkali  contents  in  conieRtn  can 
now  be  rather  precisely  asaessei  according  to  the  nature  the 
cer.ent  caterials  (the  "impact"  of  alkalies)  and  the  type  cf  ccaent 
processing  oquipient.  Since  any  establishment  of  a cement  manufact- 
uring unit  is  a long-term  investment  it  should  therefore  ir  possible 
to  identify  the  alkali-contents  for  all  cements  over  the  world,  and 
also  to»  foresee  any  short  term  changes  which  may  occur  when  a new 
unit  is  decided  upon,  or  long  term  c:uinges  by  means  of  forecasting 
technique  modifications,  “ • • • • 

It  is  also  interesting  to  observe  that  the  cement  industry  equipment 
maker  is  a long-term  planner.  There  are  lees  than  JO  caj^r  cement 
manufacturer-equipment  m'aking  firms  in  the  'World,  managir.c  less  than 
10  billion  dollars  of  sales  per  year.  There  are  more  than  4 tJiousand 
cement  manufacturers  and  bundreas  of  thousands  of  cement  using  compan- 
ies. These  latter  partners  in  the  game,  ani  especially  the  cement 
consumers  (comprising  a 2-5CC  billicn  dollar  a.nnual  business  over 
the  World)  have  hardly  any  coherent  long  term  planning  ftr  their 
technology  development.  It  would  seem  to  be  desirable  tr-at  some  body 
or  business  agglomeration  should  work  out  a framework  for, forecasting 
the  wanted  and  possible  teclx.ologj'  development , also  ir.vclving  the 
social  aspects,  and  the  resource  and  ener^’v  problems.  Such  a forecast 
ought  to  be  made  available  for  computation  with  the  expected  develop>- 
ment  of  cement  manufacture  and  of  cement  manufacture  equipment  so  as 
to  gain  a more  complete  pattern  of  future  pcssibili ties  to  choose 
among. 
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of  Cements 
Vaqn  Johansen 


I INTRODUCTION 

\ i 

The  use  of  modern  economical  dry  process  kiln  systems  has 
resulted  in  an  increase  of  the  alkali  content  of  rC  clinker. 
Further  a desire  to  use  relatively  cheap  high-sulphur  fuels 

I CONCRETES 

in  the  cement  industry,  which  is  possible  without  excessive 
SO2  emission  from  the  stack,  will  in  many  cases  lead  to  a 
higher  SOj  content  in  the  clinker  as  well. 

From  a manufacturing  point  of  view  it  implies  that  the  level 
of  alkalies  and  sulphur  in  the  clinker  increases,  when  new 
kilns  are  put  into  operation. 

Experience  has  shovm  that  the  effect  of  this  is  a reduction 
of  the  28-day  compressive  strength,  whereas  the  early  strength 
in  most  cases  will  increase. 

As  a consequence  of  this,  many  plants  have  observed  a reduction 
of  the  28-day  strength  of  more  than  10%  when  old  wet  process 
kilns  are  being  replaced  by  dry  process  suspension  preheater 
kilns. 

The  alkalies  in  the  clinker  exist  either  in  solid  solution  in 
the  clinker  minerals  or  as  sulphates. 

In  the  literature  it  is  apparent  that  much  work  has  been 
devoted  to  the  examination  of  the  effect  of  the  alkalies  in 
solid  solution  on  the  hydration  of  the  clinker  minerals, 
especially  the  aluninate  phase.  The  literature  dealing  with 
the  effect  of  alkali  sulphates  is  more  scarce. 

In  the  following  I will  show  how  the  alkali  sulpliates  in 
clinker,  and  particularly  K2SO^ , are  closely  correlated  with 
the  28-day  compressive  strength. 
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Further,  I will  present  results  from  recent  experiments 
(not  yet  completed) , showing  that  addition  of  K2S0^  to  a 
cement  has  the  same  effect  on  the  strength  development  as 
the  K,SO,  found  in  commercial  clinker. 


Finally,  I will  present  some  preliminary  data  concerning 
the  relation  between  the  very  early  hydration  and  the  strength 
development  of  Portland  cement. 


II  DISTRIBUTION  OF  SULPHATE  PHASES 


In  the  following,  the  amount  of  KjSO^  always  refers  to  the 
clinker  analysis. 


It  may  be  determined  by  direct  extraction  of  the  sulphates 
with  water,  but  it  is  a time-consuming  and  not  always  reliable 
analysis. 


We  have  developed  a method  according  to  which  it  is  possible 
to  calculate  the  amount  of  potassium  and  sodium  sulphate  found 
in  the  clinker.  The  method  is  based  on  the  work  of  Pollitt  (1) 
and  Brown,  published  in  the  Proceedings  of  the  Tokyo  Symposium, 
1968.  The  best  way  of  demonstrating  it  is  by  means  of  an 
example. 


The  calculation  is  performed  with  the  aid  of  two  graphs} 

Fig.  3 gives  the  fraction  of  the  total  alkalies  to  be  found 
in  the  sulphate  phase  as  a function  of  SOj/total  alkali; 

Fig.  2 gives  the  relative  distribution  of  Potassium  and  Sodium 
in  the  sulphate  phase  as  a function  of  the  K,0/N„  _ in  clinker 


From  the  clinker  analysis  K2O,  Na20,  SO^ , the  sodium 
oxide  is  transformed  to  Potassium  equivalents. 


Then  the  ratio  of  SOj  to  the  total  amounts  of  alkali 
oxides  (in  Potassium  equivalents)  is  calculated. 


With  these  figures  as  abscissa  Fig.  2 shows  how  much 
of  the  total  alkalies  is  to  be  found  in  the  sulphate 
phase . 
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iv  The  amount  of  Potassium  oxide  relative  to  the  amount  of 
sodium  oxide  is  calculated, 

V and  from  Fig.  2 the  corresponding  ratio  in  the  sulphate 
phase  will  appear. 

Vi  Solution  of  the  two  equations  gives  the  K2O  and  Na20 
(as  K-equivalents)  in  the  sulphate  phase. 

III  AN'ALVSIS 

On  commercial  clinker  from  18  different  plants  and  33  different 
kilns  we  have  performed  a multiple  linear  regression  analysis 
on  the  compressive  strength  as  a function  of  the  chemical 
composition'.*^  The  clinker  was  ground  to  3000  Blaine  with 
addition  of  4%  of  gypsum  (50%  dihydrate  and  50%  hemihydrate) . 

The  strength  tests  were  performed  according  to  the  ISO  Standards 
(RILEM)  . Fig.  4 shows  the  variatio.n  of  the  chemical  composition. 

Fig.  5 demonstrates  the  28-day  strength  as  a function  of 
potassium  sulphate  only.  When  taking  the  CjS  into  consideration, 

the  correlation  is  better,  as  shown  in  fig.  6.  Variation  of 

2 

the  K2S0^  level  by  0.3%  gives  a variation  of  15  kg/cm  for  the 
28-day  strength,  corresponding  quite  well  to  the  changes 
experienced  in  practice. 

The  difference  between  the  calculated  ana  the  measured  28-day 

2 

strength  has  a maximum  value  of  60  kg/cm  , corresponding  to 
a coefficient  of  variation  of  3%.  This  corresponds  roughly 
to  the  coefficient  of  variation  of  a Rilem  strength  test  for 
a single  laboratory. 

IV  LABORATORY  EXPERIMENTS 

In  order  to  single  out  the  effect  of  K2SO^,  a series  of  strength 
tests  were  performed  on  a grey  cement  and  a white  cement  sample 
with  varying  addition  of  K2S0^.  Fig.  7 shows  the  composition  of 
the  clinker. 


From  a 


The  grey  cement  was  obtained  from  a plant,  the  white  cement 
was  made  in  the  laboratory  from  commercial  white  clinker. 
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The  strength  test  was  made  on  mortars  according  to  the 
Rilem  Standards,  only  the  prisms  were  smaller  (Hini-Rllom) . 
By  means  of  a conversion  factor  the  compressive  strength 
may  be  transformed  to  Rilem  strengths. 


Fig.  8 demonstrates  the  compressive  strength  for  1,  3,  7, 
and  28  days  with  varying  additions  of  KjSO^. 

The  graphs  clearly  illustrate  the  increase  of  the  early 
strengths  and  the  decrease  of  the  28-day  strengths. 


This  type  of  changes  in  the  strength  development  is  generally 
seen  when  the  early  strengths  are  accelerated  in  one  way  or 
another.  A typical  feature  in  these  changes  is  that  the  7-day 
strength  remains  almost  unchanged,  which  is  most  clearly 
demonstrated  by  the  grey  cement. 


For  the  white  cement  the  ratio  seems  to  level  out  at  a certain 
content  of  K2SO^,  meaning  that  the  1-  and  28-day  strengths 
are  changed  by  the  same  factor. 


In  order  to  check  the  relationship  between  the  strength  and 
the  content  of  KjSO^  and  C^S,  we  have  con''erted  the  experimental 
28-day  strength  from  "Kini-Rilera"  to  Rilem,  and  then  compared 
these  experimental  values  with  the  values  calculated  according 
to  the  formula. 


Fig.  9 shows  the  data,  and  it  is  seen  that  the  agreement  is 
really  good.  The  formula  predicts  a decrease  of  100  kg/cm^ 
for  a 2%  increase  in  K^SO^,  which  is  actually  found.  The  better 
agreement  is  found  for  the  grey  cement.  The  data  for  the  white 
cement  shows  a larger  variation  around  the  expected  values, 
but  not  more  than  -'60  kg/cm^ . 


Another  way  of  illustrating  the  change  in  st- 
ment  is  to  plot  the  ratio  of  the  28-day  st 
1-day  strength  versus  the  total 
Fig.  8. 
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From  a practical  point  of  view,  the  relationship  between 
K2S0^  and  the  strength  is  very  useful,  and  confirms  many 
observations  made.  For  instance,  it  is  often  said  that  "hard 
burning"  is  required  in  order  to  obtain  good  strength.  By 
hard  burning  the  evaporation  of  the  alkalies  and  sulphur  in 
the  burning  zone  is  increased,  and,  provided  the  volatile 
matter  can  escape  from  the  kiln  system,  the  content  of  KjSO^ 
in  the  clinker  is  reduced,  which  in  turn  gives  a higher  28-day 
strength.  Another  observation  is  that  addition  of  gypsum  to 
the  raw  mix  in  some  cases  results  in  an  increase  of  the  early 
strength  and  a reduction  of  the  late  strength.  This  may  be 
explained  by  the  higher  content  of  K2S0^  in  the  clinker  due 
to  the  added  sulphur. 

V EARLY  HYDRATION 

Besides  the  strength  determinations  the  samples  have  been 
subjected  to  thermal  analysis.  Determination  of  the  combined 
water  shows  for  the  28-day  samples  that  the  strength  is 
increasing  with  an  increasing  amount  of  combined  water  - 
as  could  be  expected. 

Examination  of  the  pastes,  of  the  same  cements  as  above, 
hydrated  for  3 minutes,  shows  that  the  amount  of  combined 
water  (which  is  not  bound  to  gypsum  or  in  calcium  hydroxide) 
has  a negative  correlation  to  the  28-day  strengths. 


!r  imental 


Fig.  10  shows  the  strength  plotted  versus  the  combined  water, 
which  corresponds  to  "the  corrected  loss  on  ignition"  in 
our  previous  work  on  prehydration  of  cement. 


It  is  interesting  that  already  after  3 minutes  of  hydration 
we  can  correlate  the  amount  of  chemically  combined  water  to 
the  28-day  strengths. 


VI  CONCLUSION 


Sununarlzing  our  work  it  has  been  shown  t!iit  the  28-day 
strength  of  cements  may  adequately  be  described  by  the 
KjSO^  and  CjS  in  the  clinker.  This  relationship  holds  good 
when  the  clinker  is  ground  to  3000  Blaine  and  with  addition 
of  4%  gypsum 


Experiments  with  two  different  cements  show  that  the  effect 
of  adding  K2SO^  to  these  systems  gives  28-day  strengths 
which  may  be  described  by  the  same  relationship  as  mentioned 
above . 


The  amount  of  combined  water  after  3 minutes  of  hydration 
of  the  cements  mentioned  correlates  negatively  to  the  28- 
day  strength. 


This  seems  to  indicate  that  the  reactions  taking  place  in 
the  very  first  period  of  time  of  contact  between  the  cement 
particles  and  water  is  decisive  for  the  strength  develop- 
ment , 


Therefore,  we  will  concentrate  on  these  very  early  hydration 
processes  also  in  relation  to  the  physical  properties  of 
the  cement  particles  and  the  reaction  products. 


H.W.W.  Pollitt  t A.».  Brown: 

Proceedings  of  the  f’ifth  International  Symposium 
on  the  Chemistry  of  Cement. 
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CONTRIBUTION  TO  DISCUSSION 

Kr.  P.  Jack.£on 

Mr.  Vagn  Jcr.ansen  claijos  that  strength  drops  more  than  iOj5  at  28 
days  when  converting  fro.n  the  old  vet  process  to  the  nev  dry 
suspension  preheater  kilns.  It  is  our  experience  ttiat  these  drops 
are  far  less  dranatic  or  indeed  non  existent  in  practice  for  the 
following  three  reasons:- 

1}  Burning  conditions  on  the  new  suspension  preheater  kilns  are 

nornially  better  and  lead  to  higher  contents  in  the  clinkers, 

2)  The  relationship  between  % and  23  day  strength  shown  can  be 

misleeiing  in  that  it  is  unusual  to  find  cements  zAde  on  old  wet 
process  idins  with  less  than  0.7^  K2S0j^. 

3)  If  a r;ar.ufacturer  has  to  meet  a certain  25  day  strength  require- 
ment there  are,  as  Mx.  Bryant  Miather  has  suggested,  other  proced- 
ures which  can  be  used  to  achieve  this  end,  and  these  would  in 
cost  cases  be  less  expensive  than  the  cost  of  150  k.Cal/kg  of 
fuel  r.c*ei  in  Vx.  Sver.dsen’s  paper. 


Generally  change  to  a suspension  preheater  kiln  in  practice  leads 
to  a product  having  a similar  26  day  strength  and  improved  3 and  7 day 
strengths. 


THE  INFLUENCE  OF  AL:<ALI-SIXICA  REACTIVITY 
c:;  THE  DEVELOPI-IENT  0?  TEN'SILE  BOND  STRENGTH 


A.  F.  E--L<ZH 

D(=-partn<2nt  cf  Geclcgy, 
Queen  Mary  College, 
London  II 


The  results  cf  cenent/aggregat-e  tensile  bond  strength  measurements 
are  discussed  in  termr^  of  the  development  of  cement  adhesion  to 
reactive  and  unreactive  aggregates,  their  temperature  dependence 
and  the  alkali  content  of  cement. 


Tne  results  show  that  both  temperat'ure  and  alkalies  have  a 
marked  effect  on  the  adhesion  to  reactive  aggregates  and  determine 
the  stage  at  which  the  reactions  begin  to  destroy  further  develop- 
ment of  bond  strength.  It  is  concluded  that  failure  at  the 
contact  in  certain  cases  may  be  due  to  the  development  of  a zone 
of  veakr.ess  in  the  paste  immediately  adjacent  to  the  interface, 
rather  than  failure  at  the  interface  itself. 


Introduction 

The  jnechanisms  of  paste  strength  developnent  and  the  development 
of  aggregate /cement  adhesion  appear  to  be  areas  which  have  not  been  as 
extensively  researched  as  for  example  have  the  problems  of  hydration 
chemistry.  And  yet  in  many  cases  the  bond  between  aggregate  and  cement 
paste  forms  the  weakest  link  in  the  overall  strength  of  a concrete  and 
therefore  plays  an  important  part  in  the  final  strength  of  finished 
concrete  units. 

F.  M.  Lea^  in  The  Chemistry  of  Cement  and  Concrete  has  reviewed 
the  main  ideas  on  aggregate/cement  bond  strength  and  suggests  that  the 
factors  affecting  bond  strength  are  as  follows 

1.  Surface  Rugosity  - keying  to  the  aggregate  surface, 

2.  Epitaxial  Growth  - the  growth  of  cement  hydrates  aligned  to 
crystallite  lattice  directions  in  the  aggregate. 

3.  The  enhanced  cement  hydration  reaction  rates  due  to  increased 
crystal  nucleation  at  the  interface. 

Ui  Variations  in  water/ceraent  ratio  at  the  interface  leading  to 
microscopic  variations  in  paste  strength. 

5.  Van  der  Waals  forces  acting  across  the  interface. 

Considering  these  various  factors  it  could  reasonably  be  supposed 
that  factor  1 would  be  important  although  it  should  be  noted  that  Alex- 
ander  et  al.  after  numerous  experiments  suggested  that  there  is  little 
evidence  to  support  the  view  that  deep  pits  and  extensive  interlocking 
are  required  at  the  interface  before  high  tensile  bond  strength  can 
develop.  Factor  2 may  also  be  important  in  that  calciiin  silicate 
hydrates  may  well  develop  in  alignment  with  silicic  lattices.  This  is 
also  supported  by  Alexander  et  al.^  who,  in  another  series  of  experiments 
found  that  the  modulus  of  rupture  of  the  aggregate/cement  bond  was 
directly  related  to  the  silica  content  of  silicic  rocks  used  as  aggregate 
in  his  experiments.  These  first  two,  and  also  factors  3,  ^ and  5 can  play 
a part  in  modifying  overall  strength  hut  to  these  must  be  added  another 
factor,  that  of  chemical  reactivity  of  the  aggregate  surface.  Many  types 
of  aggregate  have  been  reported  as  being  reactive.  Particularly  important 
in  this  category  are  opal,  trydimite,  cristobolite  and  chaicedonic, 
glassy  and  cryptocrystalline  rocks.  These  materials  may  be  reactive  because 
their  silica  is  crystographically  disordered,  as  is  opal,  or  alternatively 
they  may  be  raicrocrystalline  or  microporous  with  a large  internal  surface 


area  available  for  reaction.  Perhaps  even  pure  crystal  quartz  should  be 
classed  as  reactive  in  that  it  is  soluble  in  alkalies  at  high  values  of 
pH.  This  factor  vas  stressed  by  Alexander^  who  suggested  that  even 
materials  such  as  basalt,  become  reactive  if  finely  divided  and  that  this 
form  of  pozzolanic  activity,  occurring  at  the  surface  of  siliceous 
fillers,  probably  also  determines  the  characteristics  of  bond  betveen 
noruKil  siliceous  aggregates  aiid  portland  cement  paste. 

Experimental  Procedures 

The  effects  of  reactive  siliceous  aggregates  on  bonding  can  be 
conveniently  studied  in  the  laboratory  by  examining  cement  and  aggregate 
combinations  vith  a scanning  electron  probe  nicroanalyser.  Pieces  of 
opal  and  quartz  were  embedded  in  a medium  alkali  Portland  cement  (0.71 
Na^O  equivalent)  vith  a 0.25  vaterycement  ratio,  cured  at  50®C.  These 
specimens  were  then  sectioned  and  polished  in  order  to  investigate  the 
movement  of  ions  at  the  aggregate/cement  interface  after  a 2k  hour 
storage  period.  Movement  of  ions  is  easily  dencnstrated  with  known 
alkali-silica  reactive  aggregate  materials^  but  has  not  been  reported 
in  unreactive  materials  such  as  quartz.  The  effects  of  alkali-silica 
reaction  with  these  specimens  are  illustrated  in  the  series  of  photo- 
micrographs in  figure  1.  Tliese  show  the  distribution  of  IJa,  Si,  and  Ca 
near  the  opal  and  quartz  interfaces  with  the  cement. 

In  these  photomicrographs  the  sensitivity  of  the  instrument  has 
been  varied  in  order  to  show  th'*  varintiVns  in  ronrer.tration  of  each 
element  and  therefore  although  each  photomicrograph  gives  a visual  indi- 
cation of  the  elemental  concentration  over  each  sample,  the  relationships 
betveen  the  photographs  can  only  be  considered  in  relative  terms. 

Scanning  electron  micrographs  for  iron  show  the  expected  random 
scatter  with  small  local  concentrations  indicating  the  positions  of 
ferrite  phases.  In  figures  1 and  2 photographs  I and  II  show  local 
conce.ntrations  of  sodium,  which  appears  as  a broad  band  in  the  cement 
paste  about  100  microns  from  the  interface  with  the  opal.  Photographs 
VII  and  VIII  shew  the  sodium  and  silica  distributions  for  opal,  but  after 
storage  for  2^0  ho^rs  at  50^C.  Photographs  III  and  IV  arc  of  the  silica 
distribution  and  show  an  apparent  infiltration  of  silicon  into  the  cement 
possibly  as  a motile  gel  produced  during  the  50°C  curing  process.  The 
distribution  of  calcium  is  shown  in  photographs  V and  VI.  These  provide 
some  evidence  to  shew  that  calcium  migrates  into  the  reactive  opal 


with  a decrease  in  concentration  in  the  paste  adjacent  to  the  interface. 
This  effect  may  be  due  to  the  rapid  reaction  of  CaCOH)^  with  silica  to 
produce  calcium  silicate  hydrate  gels  which  act  as  barriers  to  further 
calcium  migration  to  the  interface  as  has  been  suggested  by  Lea^ . 

The  apparent  modifications  to  the  cement  and  aggregate  chemistry 
during  these  early  hydration  reactions  near  the  interface  might  be 
expected  to  have  an  effect  on  the  cement/aggregate  bond  strength.  In 
order  to  investigate  possible  changes  in  tensile  bond  strength  a series 
of  experiments  were  devised  to  study  the  variation  in  bond  strength  with 
temperature  of  curing,  and  to  follow  the  reactive  process  in  terms  of  its 
effect  on  tensile  bond  strength. 

25nun  diameter  discs  of  opal  and  quartz  aggregate  were  mounted  on 
metal  holders  with  araldite.  The  bonding  surface  of  the  disc  was  polished 
and  freshly  prepared  cement  paste  with  its  holder  cast  directly  onto  this 
surface.  Each  specimen  was  moist  cured  for  2 hours  and  then  stored  under 
water  at  various  controlled  temperatures.  At  appropriate  intervals  the 
specimens  were  removed  from  storage  and  tested  to  failure  totally  immersed 
in  water  in  a special  jig. 

The  first  series  of  test  resxilts  were  obtained  using  Brazilian 
rock  crystal  quartz  and  a pure  low  cristobolite  opal  and  a medium  alkali 
cement  CO.71  Na^O)  with  a slightly  higher  K2O  than  Na^O  content.  These 
results  are  reproduced  in  Figure  3.  The  lower  3 lines  which  are  for 
opaline  interfaces  show  that  at  first  the  bond  strength  increases  rapidly, 
but  before  20  hours  at  both  50*^C  and  75^C  the  curves  level  out  because  of 
the  formation  of  an  alkali-silica  gel  reaction  product  at  the  interface. 

At  30^C  this  effect  takes  25  hours.  Further  increases  in  bond  strength 
at  30^C  and  50°C  are  cancelled  out  by  the  hygroscopic  nature  of  the  gel 
itself  which  after  ^8  hours  can  exert  enough  pressure  to  begin  forcing 
the  aggregate  away  from  the  cement.  Strength  then  decreases  until  at 
approximately  66  hours  the  gel  becomes  fluid  enough  to  ooze  out  of  the 
specimen  when  bond  strength  begins  to  build  up  again.  The  subsequent 
increase  in  strength  is  probably  due  to  a localised  build  up  of  further 
gel  only  at  the  more  reactive  sites  on  the  interface  while  over  the  rest 
of  the  surface  of  the  aggregate  the  cement  is  still  in  good  bond  contact. 
The  results  for  curing  at  75  C would  appear  to  supjxsrt  this  since  no 
recovery  is  observed  indicating  that  the  whole  area  of  the  interface  is 
reactive  at  this  temperature. 
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CoEptrison  of  three  sets  of  results  with  those  obtained  with 

quartz  shows  that  the  effect  of  having  a reactive  aggregate  becomes 
apparent  at  about  15  hours.  The  strength  curves  for  quartz  at  30°C  and 
50^C  differ  in  that  the  higher  curing  tenperature  gives  a lower  overall 
strength  after  15  hours.  This  effect  may  be  explained  by  the  observations 
of  Ne'/ille'*  concerning  compressive  strengths  of  concretes  cured  at  verious 
temperatures.  These  results  suggested  that  the  rapid  hydration  at  high 
temperature  tends  to  produce  a more  porous  concrete  with  incipient  flaws 
which  will  give  rise  to  early  low  tensile  strengths. 

The  results  indicated  in  the  graph  figure  4 were  produced  using 
a high  alkali  cement  with  a 1,10  NagO  equivalent  and  similar  K^O, 
contents.  Comparison  of  the  results  for  opal  in  figures  3 and  4 clearly 
show  the  effect  of  high  alkalies  in  the  cement,  and  the  increased  tempera- 
ture effects  produced  with  such  a cement.  These  effects  are  most  probably 
the  res-ult  of  increased  alkali  reactivity  resulting  from  the  higher  alkali 
contents . 
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It  is  clear  from  these  results  that  alkali-silica  reactivity  has 
a major  effect  cn  cement /aggregate  bonding.  Kennedy  and  t«lather^  have 
commented  or.  the  beneficial  effect  of  mild  alkali-silica  reactions  in 
improving  bond  strength  for  cherts  from  Treat  Island,  Maine,  'fhe  work 
of  Alexa-nder,  Vardlov  and  Gilbert^  on  the  contact  '.one  between  cement 
and  "inert"  sg^egates  has  shown  that  microhardness  results  are  lower 
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in  the  cement  at  the  interface  than  elsewhere 


The  results  of  this  present  investigation  clearly  show  tensile 
bond  strengths  for  both  opal  and  quartz  to  be  similar  in  the  early  stages 
of  the  curing  of  a concrete  after  which  the  strength  of  the  reactive 
aggregate  bond  falls  off,  while  that  for  quartz  only  levels  off.  The 
photomicrographs  taken  at  an  early  stage  in  the  curing  of  the  experimental 
specLmens  show  an  increase  in  alkalies  near  the  interface  and  this 
increase  according  to  Alexander  and  Davis^,  McCoy  and  Eshenour®, 
Alex*»nder^  sho'uld  reduce  paste  strength. 
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The  anomaly  of  an  increase  in  strength  at  the  interface,  combined 
•epcrtel  decrease  in  micro^4ardness  in  the  adjacent  paste  is  a 


difficult  or.e  to  resolve,  freaunably  it  must  be  a r*.atter  of  degree  of 
operation  of  both  processes.  If  reaction  is  very  mild  then  the  strength 
increase  due  to  reactivity  may  supercede  the  effect  of  increased  concen- 
tration of  alkalies  in  the  paste  at  the  interface.  If  however,  reaction 
is  more  pronounced,  but  at  a time  before  any  gel  stages  are  reached,  the 
paste  failure  wil3  override  any  increase  in  bond  strength  at  the  interlace. 

The  graphs  in  this  paper  joay  indicate  this  in  that  the  high 
alkali  cement  has  produced  a concentration  of  alkali  in  the  paste  such 
that  although  surface  bonding  of  the  aggregate  to  the  paste  may  be 
excellent,  lack  of  intergranular  adhesion  in  the  contact  zone  produces 
an  early  failure. 

The  graphs,  figures  3 and  k seem  to  indicate  that  tensile  bond 
strengths  are  temperature  dependent  although  Alexjinder,  Vardlow  and 
Gilbert^  suggested  that  bond  strength  may  be  independent  of  temperature 
under  certain  conditions.  In  the  light  of  these  experiments  jjerhaps 
this  sho'uld  be  rx-difiel  in  that  bond  strength  is  independent  of  curing 
temperature  providing  the  aggregate  shows  no  s-^urface  chemical  reactivity 
with  cement  paste. 
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Abstract 

The  setting  of  cement  is  closely  related  to  the  compositon  of  mixing 
water  solution.  Rapidly  dissolved  alkalies,  especially  the  alkali 
sulfates  of  the  clinker,  increase  the  pii-value  and  lower  the  calcium 
hydroxide cor.oentraticn  of  the  solution.  This  fact  seems  to  increase 
the  hydration  velocity  of  the  C^A,  particularly  during  the  first 
.minutes  of  hydration,  before  the  dormant  period  stops  further  reactio.ns 
CjA-rich  cements  with  a lack  of  gypsum  show  rapid  setting  caused  by 
formation  of  alu.minate  hydrates.  V.'ith  gypsum  in  excess  rapid  setting 
by  formation  cf  large  amounts  of  ettringite  may  occur.  The  increase 
of  the  temperature  in  fresh  concrete  mixes  has  a similar  effect  on 
setting  as  an  increase  of  OH  -concentration  caused  by  alkalies 
diluted  from  the  cements.  Rapid  setting  can  be  avoided  by  exact 
bala.ncing  of  calciu.ti  sulfate  contents  by  different  provisions  in 
the  plant  and  by  decreasing  the  temperature  of  fresh  concrete. 


1 . Introduction 

Consistency  a.nd  workability  of  concrete  deprer.d  on  its  composition. 
They  are  essentially  influenced  by  the  properties  of  the  cement  used, 
the  cement  co.mter.t  and  the  grading  of  aggregate.  Additives  used, 
time  of  mixing  and  temperature  of  fresh  concrete  as  well  as  the 
ti.’te  during  which  cencrete  is  transported  from  the  mixing  plant  to 
the  building  site  and  the  continuous  mechanical  motions  of  the 
oc.ncrete  during  the  transit  may  also  be  of  practical  importance. 


In  order  to  fi.ni  out  whether  these  factors  are  of  major  influence 
on  practical  application  of  cement,  extensive  studies  have  been 
carried  out  at  the  "Forschungsinstitut  der  Zementindustrie"  since 
a longer  time.  The  investigations  at  first  were  mainly  focused  on 
the  effects  of  lement  composition  and  manufacturing  conditions  on 
the  setting  of  cem.ent ' ’ ^ . More  recent  studies  are  concerned  with 
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temperature  of  fresh  cororete  and  mechanical 
of  concrete.  Further  objectives  of  research 
composition  of  the  miy.ine  water  solution 
cement . 
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The  setting  behaviour  cf 
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reactions  between  the  oe; 
decisively  influence  the 
developing  thereby  bridg. 
particles  and  by  this  tu 
stronger  with  time.  This 
sistency  of  ceir.e.nt  paste 


the  cement  influences  mainly  the  workabi- 
for  this  reason  certain  requirements  have 
cement-producing  countries.  Chemical 
e.nt  constituents  and  the  mixing  water 
setting  behaviour.  The  reaction  products 
the  water-filled  space  between  the  cement 
Id  up  a structure  which  gradually  grows 
formation  of  a structure  lowers  the  ccn- 
.mortar  or  concrete. 


of  fine  crysta 
tions  showed  t 


or  coarsening 
consequently  1 
and  the  format 


In  the  first  reactions  wh 
of  the  mixing  water  nearl 
the  cement  clinker  and  th 
setting  participate.  iVor.-. 
( 3CaO  • Al^O^  . 3CaS0j^  • 32.H,  0 ; 
fate  monosulfate  (3CaC-.Al 
hydrate  ( 4CaO- Al^O^ • xH^O) 
sulfate  content  of  cement 
portion  of  the  C^A  and  ca 
the  free  CaO  or  by  an  ini 
cates  are  dissolved.  The 
last  a few  minutes  are  fo 


hn  take  place  im-mediately  after  the  addition 
exclusively  the  tricalciu.m  aiuminate  of 
calcium  sulfate  added  to  regulate  the 
■ ly  the  reaction  product  formed  is  ettringite 
In  the  case  of  insufficient  calcium  sul- 
2 • CaSOjj  • IPH^O)  and  tetracalciura  aiuminate 
re  developed.  Additionally,  the  alkali 
linker,  the  alkalies  in  the  hydrated 
ium  hydroxide,  formed  by  hydration  of 
al  surface  reaction  of  the  calcium  sili- 
itial  reactions  which  in  most  cases  only 
owed  by  a dormant  period  of  2 to  6 hours. 
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According  to  the  older  literature  on  this  subject  the  dormant 

period  as  well  as  set  retardation  were  explained  to  result  from  the 
effect  of  gypsum.  The  interruption  of  the  hydration  reactions  shall 
be  caused  by  an  ettringite  cover  on  the  surface  of  the  aluminates. 
The  reactions  would  start  again  as  soon  as  the  gypsum  in  solution 
has  been  consumed. 
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More  recent  investigations  ' , however,  have  shown  that  the  dornvant 
period  is  not  based  on  the  effect  of  gypsum.  The  dormant  period 
occurs  with  gypsum  containing  cements  as  well  as  with  sulfate-free 
clinkers.  The  e-vaminations  also  showed  that  the  setting  of  cement 
already  starts  during  the  dormant  period.  In  the  presence  of  suffi- 
ciently high  amounts  of  calcium  sulfate  3 to  6 ? by  weight  of 
ettringite  normally  are  formed  from  the  CjA  which  reacted  at  the 
beginning  of  the  hydration  within  the  first  minutes.  The  ettringite 
appears  on  the  surface  of  the  cement  particles  mostly  in  the  form 
of  fine  crystals,  smaller  than  1 pm.Eloctrcn  microscopic  investiga- 
tions showed  that  later  on  the  ettringite  grows  by  recrystallization 
or  coarsening  crystallization  and  that  the  ettringite  crystals 
consequently  begin  to  bridge  the  pore  space.  The  recrystallization 
and  the  formation  of  a structure  during  the  dormant  period  leads 
to  the  setting  of  the  cement. 
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The  investigations  have  indicated  so  far  that  the  course  of  setting 
of  a cement  is  determined  by  the  type  and  the  amount  of  hydration 
products  which  are  formed  during  the  first  5 minutes.  Decisive  for 
this  are  the  influencing  factors  given  in  table  1. 
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1:  Influences  on  the  setting  of  cement 
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1.  COHPOSITIOII  OF  CEHENT 

2.  MANUFACTURING  OF  CEMENT 

CjA  co:ite:;t 

COOLING  RATE  OF  CLINKER 

TOTAL  ALKALI  CONTENT 

STORAGE  OF  CLINKER 

ALKALI  SULFATE  CONTENT 

CEMENT  TEMPERATURE  DURING  GRINDING 

TOTAL  SULFATE  CONTENT 

WATER  INJECTION  INTO  MILL 

CALCIUM  SULFATES:  CaSO^-PH^O 

FINENESS  OF  CEHENT 

CaSO^-l/PHjO 

STORAGE 

C3S0|j 

ADDITIVES 

j 

Above  all  the  amount  and  the  reactivity  of  the  C^A  and  of  the  various 
calcium  sulfates  is  of  importance.  The  reactivity  is  mainly  induced 
by  the  cement  composition  and  the  conditions  during  the  production 
of  the  cement,  such  as  for  instance  the  velocity  of  clinker  cooling, 
the  temperature  and  the  relative  humidity  during  grinding  and  storage 
of  the  cement. 


To  examine  the  influence  of  the  composition  of  the  solution  on 
the  setting  of  the  cem.ent,  several  cements  have  been  selected  which 
differed  in  their  contents  of  tricalciura  aluminate,  alkalies  and 
calcium  sulfate  as  gypsum  (CaS0^-2H20)  or  semi-hydrate  (CaSO|j- 
l/2H20).In  figure  2 the  m.ost  important  properties  of  the  used 
cemients  are  presented.  Som.e  of  the  cements  were  mixed  from  plant-made 
clinkers  with  calcium  sulfates  and  others  have  been  plant-made 
cements.  The  C^A  content  calculated  according  to  Eogue  ranged  from 
10.9  to  13. % by  weight  and  the  total  alkali  content  from  O.O6 
to  1.60  X by  weight  Na^O-equivalent . The  amount  of  alkalies  in 
the  clinker  bound  as  sulfate  ranged  from  6 to  100  X.  The  laboratory 
mixed  cements  contained  l.J/to  5.0  X by  weight  of  sulfate  as 
gypsum  or  as  semi-hydrate. 
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Fig.  2:  Corposition  of  cements 
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The  change  in  the  consistency  of  the  laboratory-mixed  cements  of 
clinker  and  lOO"  which  is  related  to  the  setting,  was  measured 
with  a per.etrt.T.eter.  The  amount  of  the  appearing  ettringite, 
syr.genite  a.nd  secondary  gypsum  was  determined  with  a DSC-calorimeter 
(Differential-Scanning  Calorimeter)  after  1 hour  of  hydration.  The 
results  of  seme  cf  these  investigations  are  illustrated  in  fig.  3 
and  In  the  diagrams  on  the  left  the  course  of  setting  and  on  the 
right  the  ne'w  formed  phases  have  teen  plotted  versus  the  total 
sulfate  content  cf  the  cements. 

The  sulfate  'was  added  to  the  cements  as  gypsum  (continuous  line) 
or  as  Ee.ri-nyirate  (.dashed  line). 
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In  fig.  3 the  results  fro.m  cements  "AW"  which  were  rich  in  CjA 
and  poor  in  alkali  arc  presented.  Summarized  the  result  is  that 
the  gypsum-containing  ce.ments  set  approximately  after  more  than 
70  minutes.  With  3 * ty  weight  of  SO^  the  setting  time  shows  a 
flat  maximum.  Curing  the  first  hydration  which  takes  place 
before  the  dorisant  period  begins,  a nearly  constant  amount  of 
approximately  6 S by  weight  of  ettringite  independent  of  the 
am.ount  of  added  sulfate  was  formed.  Alum.inate  hydrates  have  not 
been  estir.ated.  If  the  ceme.nts  contain  semi-hydrate  instead  of 
gypsu.m  how  it  may  occur  in  the  mill  with  grinding  temperatures 
exceeding  80  °C  or  after  a prolonged  silo  storage,  gypsum  is 
precipitated  from  the  solution  and  rapid  sotting  takes  place. 
Because  of  the  formation  of  this  secondary  gypsum  the  quantity 
of  ettringite  decreases. 
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Fig.  I4  demonstrates  the  setting  of  cements  made  from  clinker  "DM  100 
They  mainly  differ  from  the  cements  "AW"  in  a higher  CjA-content 
of  13  ? by  weight  and  a medium-high  total  alkali  content  of  0.8  i 
by  weight  J.'ajO-equi  valent . Similar  to  the  cements  "AW"  the  C^A 
of  the  ceme.nts  "DM  100"  does  not  contain  alkalies.  Whereas  the 
cements  "AW"  had  a low  total  content, the  alkalies  of  cements 
"DM  100"  are  completely  bcund  as  sulfate. 
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With  the  exception  of  the  alkali  content  the  cements  "AW"  and 
"DM  100"  differ  only  slightly  and  yet  both  cements  set  in  different 
ways.  However,  since  the  alkalies  in  the  cements  "DM  100"  are 
exclusively  present  as  alkali  sulfate,  it  may  be  expected  that  they 
will  go  into  solution  and  thereby  affect  their  composition  immediate- 
ly after  addition  of  the  mixing  water. 


that 
than 
ws  a 


of 

he 

e not 

d of 

jres 

Ls 

'.e. 

itity 


The  gypsum-containing  cements  "DM  100"  show  a sharper  maximum  in 
the  setting  tire  at  approximately  4 !t  by  weight  of  SOj.  Cements 
poorer  in  gypsum  content  set  more  rapidly,  since  more  aluminate 
hydrate  and  moncsulfate  are  formed  which  build  up  a bridgeing 
structure.  With  a higher  content  of  gypsu.m  the  cements  change 
their  consistency  because  of  a formation  of  more  than  10  { by 
weight  of  ettringite.  "DM  100"-cements  with  semi-hydrate  set  in 
a similar  way.  But  with  high  sulfate  contents  the  excessive  formation 
of  ettringite  is  accompanied  by  a precipitation  of  secondary 
gypsum  which  together  lead  to  rapid  setting.  Rapid  setting  caused 
by  ettringite  is  especially  favoured  by  such  cements  in  which  the 
CjA  has  a still  higherreaotivity  because  of  large  amounts  of 
alkalies  in  solid  solution.  Such  a behaviour  would  show  for  example 
cements  of  the  type  "WO  2"  according  to  fig.  1. 


IIS 


Kig.  4:  Cements 
made  from  clinker 
"DM"  - Setting 
and  formation 
of  hydrated 
phases 


* 

SOj 


-Behalt  des  Zements  m Gen/.-% 


solution  lea 
as  calciu.T.  h 
N.  Fratini^' 
as  calcium  s 


Former  inves 
hydroxide  an 
The  result  c 
added  to  alk 
in  fig.  6. 


Th  Hiidratction  MZ-B.Ol 


Fig.  5;  Composition 
of  the  solution 
after  1 h of 
hydration 


Hatbhydrai 

~\~/menfAW 


— j DM  100 


ZmentWOS 


ZementWOS 


Dajbbjdrot 


Zement  DM  100 


Caldumoxid 


ZementMM 


SOj-DeOaD  <ks  Zemenfs  in  Gew.~% 


On  the  other  hand  the  solution  of  the  low-alkali  cements  "AW" 
contained  fairly  large  amounts  of  calcium  oxide,  whereas  the 
solution  of  the  alkali-rich  cements  "DM  100"  showed  a alltogether 
lower  CaO-content,  which  increased  with  added  caloiura  sulfate. 
The  measurements  did  not  show  in  the  single  case  whether  calcium 
hydroxide  or  calcium  sulfate  were  dissolved.  But  according  to 
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solution  lead  to  correspondingly  lower  amounts  of  calcium  dissolv.-d 
as  calcium  hydroxide  according  to  the  solution  equilibrium  of 

K.  Fratini*^^.  The  remaining  calcium  seesis  therefore  to  be  dissolved 

14) 

as  calcium  sulfate,  whose  solubility  - according  to  literature 
is  said  to  be  increased  in  solutions  rich  in  alkali  hydroxide. 
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Forr.ei-  investigations  of  the  equilibrium  in  pure  solutions  of  calciu: 
hydroxide  and  alkali  hydroxide^^’ ^ led  to  similar  conclusions. 
The  result  of  recent  investigations  in  which  alkali  sulfates  were 
added  to  alkali  and  calcium  hydroxide  containing  solutions  is  shown 
in  fig.  6. 
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Fig.  6:  Concen- 
tration of  Ca^*- 
and  OH  -Ions  in 
saturated  solutions 
with  and  without 
sulfate. 
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Curve  II  demonstrates  that  according  to  the  mass  action  law  the 
solubility  of  calcium  hydroxide  decreases  with  increasing  OH  - 
concentration  added  as  NaOH  or  KOH.  In  the  presence  of  sulfate 
(curve  I),  however,  the  Ca^^-concentration  of  the  solution 
decreases  slower  at  higher  OH  -concentrations.  The  added  alkali 
sulfate  see.ms  to  react  with  the  calcium  hydroxide  whereby  alkali 
hydroxide  besides  gypsum  and  syngenite  are  formed.  According  to 
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DSC-ht.dly  s i s or  Ihi--  solid  phase  the  gypsun  retnaino  in  solution 
almost  con.p l<-tely , apparently  favoured  by  alkali  hydroxide  up  to 
concentrations  of  approximately  100  mmiol/1.  Kroni  this  result  may 
be  concluded  that  an  increased  calcium  solubility  in  alkali  and 
sulfate  ccnlaihir.g  solutions  is  due  to  an  increased  gypsum 
solubility  tut  not  so  much  to  a supersaturation  of  calcium  hydroxide 


This  result  is  of  interest  for  the  hydration  of  cem.ent.  In  general 
the  sulfate  is  alm.cst  ccmpletcly  consumed  after  1 d by  reaction 
with  CjA  to  ettringite  and  in  that  case  the  pore  solution  of  a 
hardened  cement  paste  is  mainiy  inriuenced  by  the  alkali  and  the 
calcium  hydroxide  content  according  to  the  equilibrium  of  curve  II  in 
fig.  6,  The  equilibrium  between  alkalies,  calcium  and  sulfate  may 
therefore  be  of  importance  only  in  the  earliest  stage  of  hydration 
in  wich  the  cement  sets.  This  is  suggested  by  tests  performed  with 
5 plant  m.ade  cements.  The  changes  in  the  composition  of  the  liquid 
phase  were  determined  in  relation  to  the  time  of  hydration. 


Fig.  7:  Influence 
of  time  and 
te.m.perature  on 
the  equilibrium 
between  calcium 
and  alkalies  in 
the  solution  of 
cement  pastes. 
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5.  Conclusions 

I.-.c-  obtained  results  lead  to  the  folicwing  conclusions ; Evidently 
the  time  during  which  a cement  sets  is  closely  related  to  the 
cc.T.position  of  the  mixing  water  solution.  This  has  been  exemplified 
by  the  different  behaviour  of  2 cements  which  differed  only  in 
their  content  of  alkali  sulfate.  Alt.hough  both  clinkers  contained 
the  relatively  inactive  cubic  alur.ir.ato,  mere  C^A,  however,  reacted 
during  the  first  minutes  in  the  pre.sonoe  of  higher  alkali  contents 
and  with  higher  pH-values  in  the  solution.  If  there  was  a lack  of 
gypsum,  mainly  aluminate  hydrate  was  formed  resulting  in  rapid 
setting.  V.'ith  a too  big  supply  of  r-  ''’"'*''  excessively  large  amounts 
of  ettringite  developed  also  loading  to  rapid  setting.  It  seems 
to  be  that  with  higher  amounts  of  ettringite  already  a relatively 
small  increase  in  the  crystal  size  by  coarser.lrg  crystallization 
is  sufficient  to  bridge  the  water-filled  pore  space  and  thereby 
build  up  a structure. 
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T.he  results  in  fig.  7 demonstrate  that  all  solutions  contained 
after  2 hours  of  hydration  largo  a.m.ounts  of  CaO  which  far  exceed  the 
CaO/K^O-solution  equilibrium.  The  high  sulfate  content  found 
simultaneously  in  the  sa.me  solution  leads  to  the  conclusion  that 
the  increased  Ca‘*-solubility  is  mainly  caused  by  gypsum.  After 
subtracting  the  amount  of  CaO  equalling  the  analyzed  SOj  content 
the  measuring  points  almost  exactly  fall  to  the  equilibrium  curve. 

Ch  the  other  hand  the  Ca^*-solubility  was  reduced  by  prolonged 
hydration  and  the  m.easuring  points  were  the  more  approached  to 

libriuir.  curve  t-bc  culTUvC  cr  the  ccluticri  v.*q.s  ccncurncci 
by  reaction  with  the  aluminate  of  the  clinker.  With  prolonged 
hydration  the  points  furthermore  shift  to  higher  alkali  contents. 
That  is  due  to  the  fact  that  with  advancing  hydration  mainly  of 
the  CjA  still  more  alkalies  are  liberated,  shifting  the  equilibrium. 

of  the  solution  co:-reopondingly . Finally,  the  diagramm  shows  as 
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a result  of  the  literature  ' that  the  solubility  of  calcium 
hydroxide  is  reduced  by  rising  te.mperatures  too. 


Higher  amounts  of  alkalies  in  the  clinker,  particularly  of  alkali 
sul fates , which  are  rapidly  dissolved,  lower  the  calcium  hydroxide 
concentration  of  the  solution, thereby  increasing  the  hydration 
velocity  of  the  C^A  prior  to  the  dormant  period.  The  possibility 
of  rapid  setting  therefore  always  exists,  if  such  cements  are 
not  perfectly  balanced  in  their ' sulfate  content.  Similar  results 
were  found  by  P.  K.Ketha^®’ when  he  investigated  the  properties 
of  high  early  strength  cements.  In  that  case,  however,  the 
accelerating  effect  of  alkalies  is  desirable.  It  has  been  pointed 
out  by  W.  Lieber^®'*  too  that  the  reaction  of  the  C^A  can  be 
speeded  up  substantially  with  high  OH  -concentrations  in  the  mixing 
water  solution.  These  results  lead  to  the  conclusion  that  the 
operation  characteristics  of  additives  and  their  application  in 
concrete  technology  could  by  this  way  more  effectively  be  tested. 


According  to  these  investigations  an  increase  in  temperature  of  the 
fresh  concrete  has  much  the  same  effect  as  an  increase  in  Oh”- 
conce.ntration  caused  by  alkalies. 


In  view  of  the  workability  of  concrete  it  can  be  deduced  from 
the  results  that  it  is  above  all  important  to  retard  the  hydration 
of  the  CjA  sufficiently  within  the  first  5 minutes.  This  can  be 
done  in  normal  cases,  for  instance,  by  well  regulated  cement 
properties,  by  decreasing  the  temperatures  of  fresh  concrete  and 
by  reduced  motions  in  transit. 
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THE  EFFECT  OF  ADMIXTURES  OH  ALKALI-AGGREGATE 
HrHiCTlON  IM  CONCRETE 


S.  Sprung  and  M.  Adabian 

Forachongninctitut  der  Zement Industrie 
Dussel.dorf 


Abstract 

With  expansion  measurements  on  concrete  containing  opal  as  alkali- 
reactive  aggregate  the  efficiency  of  admixtures  was  tested.  Several 
fly  ashes,  trass,  ground  cristobalite  and  a SiO^-glass  dust  were 
used  as  admixtures.  The  specific  surfacec  of  the  substances  ranged 
from  2800  to  2A00C  cn^/g. 

The  tests  showed  that  the  efficiency  of  admixtures  can  only  be 
judged  if  not  part  of  the  cement,  but  a part  of  the  fine  sized 
aggregate  in  the  concrete  is  replaced.  For  this  Judgement  the 
specific  surface  is  important  too.  Alkali  expansion  in  concrete 
can  be  prevented  completely  by  suitable  dust-fine  admixtures. 

The  efficiency  of  admixtures  is  due  to  the  chemical  reactivity 
with  alkalis  in  the  pore  solution  and  possibly  also  to  an 
increased  pore  volume  in  the  concrete.  Glasses  with  medium 
SiO^-contents  seer,  to  be  more  suitable  than  glasses  or  crystalline 
substances  with  SiO^  contents  of  more  than  95  * by  weight.  The 
use  of  admixtures  is  limited  by  requirements  for  the  concrete 
quality,  such  as  strength,  watertightness  and  freeze/thaw 
resistance. 


1 ^ ntroduction 

Former  investigations  have  shown  that  the  course  and  the  extent 
of  the  alkali-aggregate  reactions  in  concrete  are  dependent  on 
the  alkali  reactivity,  the  quantity  and  the  grain  size  distribution 

of  the  aggregate,  the  alkali  content  of  the  cement,  the  cement 
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content  and  the  environmental  conditions  ’ ’ . The  knowledge 

from  these  extensive  tests  served  as  a basis  for  working  out  a 
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reconimendar io;i  with  special  attention  to  the  conditions  in  North 

Germany.  In  this  recommendation  precautionary  measures  against 

k ) 

a deleterious  alkali-aggregate  reaction  have  been  laid  down  . 

The  precautionary  measures  are  primarily  based  on  an  examination 
of  the  alkali  reactivity  of  the  used  aggregate.  Practical  experience 
has  shown  that  it  is  only  the  content  of  opaline  sandstone  and  of 
reactive  fli.nt  which  is  decisive  and  which  ist  therefore  determined 
with  established  testing  procedures'^  As  a further  precautionary 
measure  the  use  of  cements  with  low  effective  alkali  content 
(NA-cement)  has  been  introduced.  These  cements  are  required  only 
for  cases  in  which  the  aggregate  has  a certain  amount  of  reactive 
constituents  and  the  concrete  additionally  is  exposed  to  disad- 
vantageous e.-. vironmental  cc.nditions.  Such  environmental  conditions 
are  for  instance  the  per.T.ar.er.t  wetting  of  a construction  and  an 
alkali  supply  from  outside,  fcr  ....stance  by  seawater  or  de-icing 
salts . 

Further  precautionary  measures, which  have  not  been  incorporated 
in  the  reccr.-.er.dations  ,are  the  reduction  in  the  cement  content, 
if  possible,  according  to  the  quality  of  the  concrete.  In  some 
cases  a better  aggregate  gradi.-.g  can  also  be  of  benefit.  Also 
the  addition  of  a more  or  less  large  amount  of  natural  or 
artificial  pczzolans  to  the  concrete  is  often  regarded  as  an 
effective  measure  to  avoid  a deleterious  alkali-aggregate  reaction. 
In  order  to  exa.mine  the  effectivity  of  such  pozzolans  it  is 
necessary  to  distinguish  whether  a part  of  the  cement  or  a part 
of  the  aggregate  shall  be  replaced. 

Admixtures  which  are  thought  tc  prevent  deleterious  alkali 
expansion  are  for  instance  fine-ground  silica,  opaline  rock, 
volcanic  glasses,  diatomee.n  earth,  trass,  calcined  clay  and  also 
fly  ishes°’*'^.  It  is  assumed  that  this  effect  is  chiefly  due  to 
the  cKemial  reactivity  of  the  silica  in  such  admixtures  with 
the  alkali  hydroxide  in  the  pcre  solution.  If  that  is  true,  a 
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shift  of  the  pessimum  of  the  reactive  aggregates  originally  present 

should  occur.  Experiments  with  opal  as  a reactive  admixture  showed 

that  it  is  in  particular  the  opal  quantity  substituted  in  the  quartz 

8 9 ) 

grain  sizes  < 0.2  mm  that  can  prevent  alkali  expansion  ’ , if 

the  sum  of  the  opal  quantity  originally  present  and  the  opal 
quantity  added  is  larger  than  the  pessimum  concentration  of  the 
reactive  aggregate.  It  seems  that  besides  opaline  rocks  no  other 
admixtures  have  been  tested  in  this  way. 
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The  majority  of  the  experiments  to  test  the  effect  of  admixtures 
followed  ASTM  C 4^11.  In  that  case  not  the  aggregate,  but  a portion 
of  5 to  ^0  X by  weight  of  the  cement  is  replaced.  Very  often  the 
water-cement  ratio  too  had  to  be  increased  in  order  to  maintain 
the  workability  of  the  concrete.  With  such  a test  procedure  the 
found  reduction  in  the  expansion  of  specimens  might  be  either  the 
result  of  a pozzolanio  reaction  of  the  admixtures  or  the  result  of 
a dilution  of  the  cement  quantity.  According  to  former  investigations 
such  a reduction  of  the  cement  content  is  associated  with  a decrease 
in  the  effective  alkali  or  OH  -content  in  concrete.  This  alone  would 
therefore  already  lead  to  a drastic  reduction  in  the  alkali  ex- 
pansion. 


ited 


Frcn  test  results  so  far  known  it  can  be  assumed  that  the  various 
substances  recommended  as  admixtures  apparently  show  different 
chemical  reactivity.  Decisive  might  be  in  which  form  the  reactive 
proportion  of  the  silica  is  present  and  which  grain  size  or  surface 
the  admixture  has  ’ ' . Occasionally  it  is  also  recommended  to  improve 
the  effect  of  natural  or  artificial  pozzolans  by  finer  grinding^^^ 
or  by  remelting  with  the  addition  of  lime^^^. 


The  effect  of  various  admixtures  could  be  examined  more  reliable, 
if  they  were  tested  under  the  same  conditions.  This  means  that 
the  cement  content  and  thus  the  effective  alkali  content  in  the 
conc'.’ete  have  to  be  kept  unchanged.  For  these  tests  a part  of  the 
aggregate  and  not  a part  of  the  cement  should  therefore  be  replaced 
by  the  admixtures. 


In  adiilion  Lo  the  ohenical  reactivity  oT  the  adr.ixture  the 
physical  properties  of  the  hardened  cement  paste,  of  the  aggregate 
and  of  the  concrete  cay  also  influence  alkali  expansion.  It  has 
already  been  stated  that  a deleterious  alkali-aggregate  reaction 
not  only  requires  a high  reactivity  of  the  aggregate  constituents, 
but  also  a low  porosity  This  in  particular  applies  to  opal  and 

various  glasses  which  in  normal  case  have  no  rt;arked  porosity. 
Experiments  on  flints  with  densities  of  < 2.53  to  > 2.59  g/cm^, 
on  the  ether  hand,  shewed  with  an  approximately  equal  reactivity 
alkali  expansion  decreases  as  soon  as  the  porosity  rises.  Similar 
to  the  effect  of  the  porosity  of  the  aggregate  could  be  that  of 
the  capillary  porosity  of  the  hardened  cement  paste,  leading  with 
increasing  water-cement  ratios  of  the  concrete  to  a reduction  in 
the  expansion.  For  this  reason  some  additional  tests  have  been 
perfor.m.ed  to  learn  more  about  the  influence  of  the  capillary 
porosity. 

2.  Tests 

In  accordance  with  AST.”  C AAl  concrete  specimen  2.5  x 2.5  x 28.5  cm 

were  produced.  The  concretes  contained  aoproximately  600  kg  cement 

3 ' 1 ' 

per  ra  with  a constant  water-cement  ratio  of  0.15  '.  It  was  only 

i.n  a further  test  series  that  larger  am.ounts  of  water  were  added 

to  the  concretes  to  increase  the  capillary  pore  volume  in  the 

hardened  cement  paste.  The  water-cem.ent  ratios  were  thereby 

increased  to  0.60.  The  aggregate  consisted  of  6 fractions  with  a 

maximum,  grain  size  of  15  to  16  mm.  As  a reactive  aggregate  constituent 

pure  opal  in  the  grain  size  < 0.09  m.m  was  chosen  and  added  to  the 

concrete  in  a quantity  cf  1 % by  weight,  based  on  the  aggregate. 

This  quantity  was  equal  to  the  pcssimum  concentration  for  opal 

in  that  fraction.  The  specim.ens  are  stored  at  10  and  m.ore  than 

95  % relative  humidity.  The  results  obtained  so  far  are  related 

to  a storage  tim.e  of  2 m.onths. 

Up  to  2C  " by  weight  of  the  aggregates  were  replaced  by  the 
admixtures  trass,  fly  ash,  cristobalite  and  an  amorphous-glassy 
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The  OAteri-e.-.ts  were  carried  out  on  concretes  'with  an  unchanged 

T 

ce.v.er.t  co.rtent  of  approximately  600  wg  per  n''  and  with  M |S  by 
weight  of  opal,  based  on  the  aggregate.  The  fresh  concrete  mixes 
containei  different  quantities  of  -water  with  a -water- cement  ratio 
rj.'.gir.g  from  G.-f  to  O.6O. 


silica  prod-uct  (SiO^-glass  dust)  mainly  in  t'ne  site  fraction 
< 0.2  .c.n.  The-  concretes  containing  admi  xt  u:-es  were  tested  with 
and  -without  cpal. 


The  t-3ilo  r.res-;.-.t-ed  in  fig.  1 shews  that  the  trass  had  a specific 

2 

surface  according  to  Blaine  of  apprcxinately  6C00  cm  /g.  Tho  sur- 
face of  the  fly  ashes  and  of  the  cristcbalite  dust  >-anged  from 

2 ? 

2;00  to  32CC  O.T.  /g.  With  approximately  2l4CCC  cm‘/g  the  SiO^-glass 

d'ust  s^-.c-wed  the  greatest  fineness.  The  measured  densities  of  the 

ad.mixf..roc  were  in  the  range  of  2.20  to  2.^(8  g/erc^. 

Test  results 

3.  1 i.£bcsity_cr_;;.he_hardened_cement  _gast  e 
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Big.  1:  Density 
and  specific 
surface  of 
used  additives 
and  aggregates 


The  capillary  porosity  of  the  hardened  cement  paste  in  relation 
to  the  water-cement  ratio  was  calculated  by  a method  described 
by  K.W.  Locher^^^.  For  this  purpose  a hydration  decree  of  the 
cement  of  1 was  presumed.  Taking  into  account  the  chemical 
shrinkage,  capillary  pores  are  formed  in  a concrete  with  a water- 
cement  ratio  of  more  than  0.}6,  which  increase  the  total  porosity 
of  the  concrete.  In  fig.  2 the  expansion  of  the  concrete  specimen 
was  plotted  versus  the  calculated  volume  of  the  capillary  pores 
of  the  hardened  paste. 


It  shows  that  with  water-cement  ratios  exceeding  0.ll8  and  a 
capillary  porosity  of  15  } by  volume  respectively  the  expansion 
due  to  alkali  expansion  falls  linearly.  The  decrease  is  approx- 
imately 1 mm/m  per  O.Oi  water-cement  units.  With  lower  water- 
ce.ment  ratio  respectively  pore  volume  the  influence  diminishes 
due  to  perhaps  still  uncoir.plete  hydration  of  the  cement  and  an 
uncomplete  compaction  of  the  concrete  specimen. 


Fig.  2:  Influence 
of  the  capillary 
pore  volume  of  the 
hardened  cement 
paste  on  the  ex- 
pansion of  opal 
containing  concrete 
specimen. 
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Further  experiments  have  still  to  be  carried  out  to  investigate 
the  physical  properties  of  the  prism.s.Eut  already  now  it  can  be 
concluded  that  the  porosity  of  the  hardened  cement  paste  and  of 
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the  cor.crete  night  help  to  reduce  Eeasurably  the  expansion  caused 
ty  alxali  aggregate  reaction.  The  reaction  product  for.T.ed  seeras 
to  be  able  to  peneti'ate  partly  irjto  the  open  pore  spaces  of  the  con- 
crete and  of  the  hardened  cement  paste.  Therefore  a comparison  of 
the  chemical  efficiency  of  admixtures  or  a test  of  other  influencing 
factors  is  cnly  possible  if  besides  the  concrete  composition  the 
v.ater-ce.’T.ent  J’atio  also  remains  unchanged. 
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As  a precaution  against  alkali  expansion  an  increase  in  the 
capillary  porosity  is  not  suitable,  since  it  reduces  the  concrete 
strer.ght  and  furthermore  lowers  the  diffusion  resistance  to  the 
icns  penetrating  from  outside^^^. 
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3 . 2 

The  expansion  of  a concrete  which  contained  besides  quartz  sand 
and  gravel  t ? by  weight  of  opal  was  taken  as  basis  for  calculating 
the  perce.ntage  of  length  change  in  all  the  other  concretes.  After 
T months  the  measured  expansion  of  that  reference  concrete  averaged 
17.5  r..T:/m.  The  expansion  of  all  other  concretes  which  contained 
graduated  a.mounts  of  admixtures  besides  b J by  weight  of  opal  are 
presented  in  fig.  3. 
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Fig.  3:  Decrease 
of  expansion  by 
several  kinds  of 
admixtures  in- 
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However,  this  presentation  does  not  give  any  information  about 
the  grade  of  reactivity  of  the  various  admixtures  since  there  is 
no  uniform  comparative  basis.  Owing  to  their  different  surface 
areas  the  substances  were  added  in  different  quantities  to  the 
concrete.  This  was  necessary  in  order  to  achieve  a consistency 
which  still  allowed  complete  compaction  of  the  concrete.  To  study 
the  influence  of  quantity  and  surface  of  the  admixtures  together 
the  specific  surface  of  the  admixtures  was  multiplied  with  the 
quantity  of  the  substance  in  1 concrete. 
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Fig.  : Decrease 
of  expansion  by 
several  kinds  of 
admixtures  accor- 
ding to  their 
specific  surface 
area  (Blaine) 
and  quantity 
in  concrete. 
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The  test  results  allow,  the  conclusion  that  all  admixtures  react 
chemically  with  the  pore  solution  in  the  concrete  thus  binding 
alkalies.  At  equal  surface  areas  their  efficiency  is  manifested 
in  a more  or  less  pronounced  reduction  of  the  concrete  expansion 
caused  by  opal.  But  the  admixtures  tested  are  evidently  more  in- 
active tha.-.  cpal.  Depending  on  their  surface,  ad.mixture  contents 
of  up  to  15  i by  weight,  based  on  the  quantity  of  the  aggregate, 

are  necessary  tc  reduce  the  expansion  to  values  under  20  %. 

Using  opal  as  an  ad.T.ixture  this  would  only  require  an  addition 

of  a further  w J ty  weight. 


The  alkalies  bcuni  by  the  admixtures  apparently  do  not  lead  to  a 
measurable  expansion.  This  was  proved  by  experiments  on  concrete 
specimen  which  contained  the  same  graduated  amounts  of  admixtures 
instead  of  quartz  < 0.2  mm,  but  no  opal.  Although  the  used  admix- 
tures react  with  alkalies,  they  seem  to  have  no  measurable  pessim.um 

ll( ) 

in  this  grain  size.  However,  according  to  Australian  investi- 
gations expansiorc  can  be  measured  as  soon  as  the  grain  size  of 
some  of  these  admixtures  exceed  0.2  mm. 


In  fig.  A the  percentage  expansion  of  the  concrete  prisms  has  been 
plotted  versus  the  total  specific  surface  of  the  admixture  per 
concrete.  This  again  shows  that  the  expansion  decreases  with  rising 

surface  proportions  of  the  admixture.  But  on  the  basis  of  an 

- S 2 5 

equally  large  surface  proportion  of  for  instance  0.5- 10"^  m per  m 

of  concrete  it  is  found  that  fly  ash  glasses  seem  to  be  more 

reactive  than  trass,  than  cristobalite  and  the  almost  pure  SiO^- 

glass  dust.  Cn  t.ne  basis  of  that  evaluation  also  the  differences 

between  the  5 fly  ashes  became  smaller.  This  is  apparently  due 

to  tne  fact  that  the  ashes  of  pit-coals  from  the  Ruhr-Carbon  have 

roughly  the  sa.t.e  composition  and  that  they  have  been  formed  under 

similar  conditions.  The  influence  of  their  different  alkali  content 

is  still  to  be  tested. 


The  effect  of  fine  ground  admixtures  with  such  a relatively  small 
reactivity  seems  to  be  based  on  the  formation  of  alkali  silicates 
which  have  an  alltogether  higher  molar  Si02“Content  than  the  sili- 
cates formed  by  reaction  between  alkalies  and  opal  in  pessimum 
concentration.  First  experiments  have  already  shown  that  SiO^-rich 
alkali  silicates  swell  considerably  less  with  water  than  alkali- 
rich  silicates.  That  means,  that  according  to  the  chemical  reacti- 
vity of  the  used  admixtures  the  pessimum  of  the  reactive  opal 
aggregate  will  be  shifted. 
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Besides  the  chemical  effect  of  admixtures  also  a change  in  the 
physical  properties  of  the  concrete  has  to  be  taken  into  consider- 
ation. Kany  of  the  used  admixtures  contain  a pore  space  of  1 (Trass) 
to  nearly  20  ? of  volume  (fly  ash),  which  increases  the  pore  space 
of  the  concrete  and  may  possibly  work  as  a reservoir  for  reaction 
products  thus  reducing  an  expansion. 


Conclusions 


The  investigations  lead  to  the  conclusion  that  the  efficiency  of 
admixtures  can  only  be  judged  under  constant  test  conditions. 

For  that  reason  net  a part  of  the  cement,  but  only  a part  of  the 
aggregate  in  the  size  fraction  •;  0.2  mm  should  be  replaced.  The 
concrete  compositicn  should  remain  unchanged.  Besides  this  the 
mass-related  specific  surface  of  the  admixture  should  be  taken 
into  consideration. 


The  investigations  have  shown  that  the  expansion  of  opal-containing 
aggregates  in  the  concrete  can  be  avoided  by  the  use  of  suitable 
admixtures.  Their  efficiency  is  mainly  due  to  the  chemical  reacti- 
vity, but  possibly  also  to  an  increase  in  the  total  pore  volume 
of  the  co.ncrete.  The  pore  volume  may  be  increased  as  well  by  ad- 
mixtures as  in  the  case  of  higher  water-cement  ratios  also  by 
the  capillary  pores  in  the  hardened  cement  paste. 
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The  reactivity  cf  glasses  with  SiO^'contents  of  approxir-ately  50  J 
by  weight  is  apparently  greater  than  that  of  the  tested  crystalline 
substances  with  a similarly  high  SiO^  content  or  that  of  the  glasses 
and  crystalline  substances  with  more  than  95  % of  SiO^,  if  the  real 
quantity  of  active  surface  area  is  taken  into  consideration.  To 
reduce  alkali  expansion  it  is  therefore  necessary  to  overtake 
fineness  and  quantity  of  the  admixture  into  the  requirements  of 
a oc.ncrete  .mix.  However,  requirements  for  the  concrete  qualtity, 
such  as  strer.ght,  watertightness  and  freeze/thaw  resistance,  limit 
the  use  of  acmixtures.  An  increase  in  the  water-cement  ratio  in 
order  to  raise  the  capillary  porosity  or  to  improve  workability  is 
therefore  nc  advisable  measure. 
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WATrIR  ABSORPTION  AJiD  VOLUMK  CHANGKS  OF  ALKALI  SILICATES  IN  FLINT  MEASl/SIiD 
BY  THKHI'IOGRAVIMETRY 


Dieter  Hirche 

Cer.tralabtoilunij  f.  Chera.  Analysen 
Kerr.forschungsanlage  Jixlich,  BHD 


ABSTRACT 


Caly  t'r.e  anizr^zo'^s  marked  and  micro-crystallinc  silica  in  aggregates 
causes  alkali-silica  reaction  and  expajisicn  in  concrete.  One 
member  of  this  group  is  flint.  Using  grains  of  flint  vhich  had 
been  treated  vinh  alkali,  it  could  be  proved  by  means  of  thermo- 
gravimetry  measurements  at  a temperature  of  9G0^C  that  silica 
with  lattice  defe?ts,  such  as  flint,  absorbs  water  differently. 

The  absorption  cf  water  and  the  increase  in  volume  of  flint,  is 
only  possible  in  the  presence  of  hydroxyl  ions.  Grains  of  flint 
stored  in  neutral  NaCl/KCl  solution  did  not  shew  any  increase  in 
absorption.  Con-r.ary  to  this,  flint  stored  in  1 normal  NaOH/KOH 
solution  showed  a definite  increase  in  the  absorption  of  water. 


Despite  the  numerous  experiments  with  the  a I ka I i -s i L i ca 
reaction  in  concrete^  one  has  not  been  abte  to  give  a full 
explanation  for  the  expansion  of  the  reactive  aggregates. 

In  this  report  ue  aim  to  prove  that  silica  with  lattice 
defects  does  infact  absorb  water  and  increase  in  volume,  in 
the  presence  of  alkali  and  hydroxyl  ions.  By  the  means  of 
thermogravimetry  we  investigated  the  water  sorption  of  flint 
as  a representative  of  reactive  silicas. 
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Bonded  Water  in  Silicas  an d flint 


Depending  on  the  nature  and  amount  of  the  lattice  defects 
the  silica  minerals  contain  either  more  chemically  bonded 
water  ( Si OH-g roups ) or  molecular  water.  The  most  external 
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Hydoxyl  groups  at  Si 0,-i nt e rf aces  (1) 


or  internal  interfaces  of  reactive  silica  are  covered  with 
hydroxyl  ions.  More  water  can  be  added  to  the  silanol  groups 
due  to  further  adsorption.  Lange  (2)  described  previously 
two  sorts  of  molecular,  adsorbed  water  in  silicas: 

1.  Physically  adsorbed  water  with  slight  activation  energy  and 

2.  Water  bonded  at  the  SiOH-groups  with  a high  activation 
ene  rgy. 
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Thermogravimetry  of  water  stored  flint  grains 
with  different  sites 

activation  energies  in  the  fine  flint  grains. 

Water  Sorption  and  Expansion  of  alkali  reactive 
Silicas 

Hirche^  Ludwig  and  Wolff  <4)  pointed  out  that  the  alkali- 
silica  reaction  depends  mainly  on  following  physico-chemical 
phenomena : 

1.  Diffusion  of  alkali  ions  and  calcium  ions  to  the  reaction 

s§-9Cfi!} 

Alkali  ions  and  calcium  ions  diffuse  along  silica  inter- 
faces. Alkali  Ions  diffuse  more  rapid  because  of  Its 

smaller  size  (K*  , =1.75  8,  Na*  , =2.17  8,  Ca'^*,  =2.75  8) 

solv.  ' solv.  ' solv. 

and  of  the  stronger  el ec t ros ta t i cal  interaction  of  the 
calcium  ions  with  the  lattice  atoms. 
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2,  Ion  exchan3e_oj_alkaM_and_calcium_at_si  I i ca_interf  aces 
The  diffused  cations  Na*,  K*  and  Ca**  exchange  against 
the  protons  of  the  silanol  groups.  Na  and  K exchange 
reversible/  Ca^*  exchanges  irreversible.  Calcium  hydro- 
silicates will  be  concentrated  at  external  interfaces, 
because  of  the  exchange  of  calcium  ions  against  alkali 
ions,  iuo.  The  released  alkali  ions  are  available  for 
furth'jr  reaction  at  internal  interfaces.  There  should  be 
a surplus  of  alkali  ions  at  internal  interfaces. 

t i on_wi  t h_  the_s  i I i ca_  t at  t^ce 

Normally  the  silica  interfaces  are  covered  with  a second 
layer  of  H^O.  Hydroxyl  ions  diffuse  with  the  solvated 
cations  to  the  reaction  site.  A water  molecule  of  the 
second  layer  will  be  absorbed  in  the  hydrate  shell  of 
the  cation.  The  silica  interface  will  be  free  now  for 
the  action  of  OH-ions.  The  hydroxyl  ions  react  with  the 
silica  lattice  and  the  cation-silica  complexes.  New  silanol 
groups  will  be  produced  for  further  reaction. 

^ 122. £ll22_5il£ 

With  the  formation  of  alkali  hydro-si  I i cates . at  internal 
interfaces  the  chemical  potential  of  water  near  the 
reaction  site  decreases.  Water  will  be  transported  to  in- 
ternal interfaces  until  the  hydro-s i I i cate  is  dissocated 
completely.  The  volume  increasing  of  the  waterless  silicate 
to  the  voluminous  alkali  silica  gel  produces  an  increasing 
pessure  in  the  silica  grain  and  the  surrounding  hydrated 
cement  paste. 

The  water  sorption  of  alkali  silicates  in  flint  was  studied 
with  thermogravimetry  investigation.  Most  experiments  were 
conducted  on  fine  and  coarse  flint  grains  which  were  stored 
in  alkaline  solutions  few  days.  In  figures  4,5  and  6 the 
weight  loss  of  the  flint  grains  is  given  as  a function  of 
the  temperature. 
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Th«  rmog  rav  ime  t ry  of  flint  grams  (grain  size  = 
0-05-0,07  ran)  stored  in  alkaline  solutions 


The  results  froo  these  thermogravimetry  investigations  may 
be  summarized  as  follows: 


1.  In  oresence  of  alkalis  and  OH-ions  in  solution  the  water 


sorption  of  flint  grains  increases  (see  FIG-  4).  After 
heating  in  a vacuum  the  flint  looses  specially  the  bonded 


water  between  500  and  600®C  temperature- 


2-  In  presence  of  calcium  and  OH-ions  the  water  sorption  of 
flint  increases,  too  (see  FIG-  4)-  The  binding  energy  of 


water  in  calcium  silicates  is  higher.  The  bonded  water 


will  be  released  between  650^C  and  700^C  temperature. 


3-  Storing  the  flint  grains  in  an  alkaliferous  solution 

without  OH-ions  (=  NaCl/KCl  solution),  one  could  not  find 
any  increasing  water  sorption- 

4.  Have  we  calcium  ions  in  alkaline  solutions  the  flint  grains 
absorb  water,  too  (see  FIG-  5).  The  weight  loss  is 


similar  to  the  measurements  on  flints  stored  in  calcium 


free  NaOH/KOH  solution.  8ecause  of  the  small  surface  and 


of  the  short  reaction  time,  the  previously  described  ex- 


All  t he rmog rav i me t py  investigations  were  made  with  an 
electro  balance  of  Cahn-Inst ruments.  The  prepared  flint 
grains  were  heated  in  a quartz  tube  under  vacuum  of 
10  ^ torrs.  The  heating  temperature  increased  in  steps  of 
2°C /min. 


Before  testing^  the  flint  grains  (0.05-0.07  mm^  0.75-1.0  mm 
and  1.5-2, 0 mm)  were  stored  6 days  in  t r i di s t i 1 1 a t ed  water 
or  in  different  alkaline  solutions  as  follows: 

NaOH/KOH  solution  (pH=12,4),  CaCOH)^  solution  (pH=12.4), 

In  NaOH/KOH  solution^  In  NaOH/KOH  solution  with  addition  of 
undissolved  CaCOH)^,  NaOH/KOH/Ca COH)^  solution  and 
NaCl/KCl  solution  CpH=7.0). 


The  flint  specimens  were  contaminated  partly  through 
calcium  carbonates.  Heating  calcium  carbonates,  we  measure 
the  releasing  of  CO2  from  600°C  to  900°C  a pproK i ma t e I y. 

Due  to  the  chemical  analysis  of  the  examined  flint,  we  suggest 
that  the  different  weight  losses  in  the  temperature  range 
from  650^C  to  900^C  were  caused  partly  through  higher 
CaCO^  contamination  on  the  coarse  flint  grains.  The  maximum 
CaCOj  contamination  of  flint  minerals  could  be  0.80  percents 
in  weight,  the  CO^  contamination  could  be  0-35  percents  in 
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change  of  calcium  ions  against  alkali  ions  didn't 
occur  (5)  • 

5.  The  binding  energy  of  water  bonded  at  alkali  silicate 

interfaces  in  fine  flint  grains  is  very  low  (see  FIG.  6). 
The  fine  flint  grains  loose  its  bonded  water  between 
200°C  and  400^C  temperature  specially.  The  formation 
of  the  alkali  hydro-silicates  occured  near  the  grain 
surfaces.  One  time  flushing  of  the  grains  washed  out  all 
hydro- silicates. 
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A PROSPECTIVE  MEASURE  FOR  THE  EXTENT  OF  ALKAL I -S 1 LI CA  REACTION 
Sidney  Diamond  and  R.  S.  Barneyback,  Jr. 

School  of  Civil  Engineering 
Purdue  University 
West  Lafayette,  Indiana  47907  USA 

ABSTRACT 

Studies  of  a 1 ka I i -s I I i ca  reaction  and  its  effects  have  been  handi- 
capped by  the  absence -of  a method  of  measuring  tt>e  extent  of  the  chemical 
reaction  itself,  as  distinguished  from  measurement  of  the  expansion.  Ex- 
pansion may  or  nay  not  accompany  reaction,  depending  on  various  factors. 
The  proposed  method  Involves  determination  of  the  alkali  contents  of  pore 
solutions  expressed  from  mortars  in  a special  pressuring  device  operated 
at  about  75,000  psi.  After  appropriate  corrections,  the  reductirn  in  the 
alkali  concentration  of  pore  fluid  from  reacting  mortars  as  compai  =^d  with 
pore  fluid  from  companion  mortars  free  of  reactive  silica  is  used  to 
calculate  the  degree  of  reaction  that  has  occurred  and  to  estimate  the 
amount  of  product  formed.  Illustrative  data  are  provided  for  reactive 
mortars  made  with  ground  opal  and  hydrated  for  periods  of  up  to  70  days. 

INTRODUCTION 

Interest  in  a I ka I i -aggregate  reactions  in  concrete  is  currently  at 
a high  level  in  view  of  the  Increased  likelihood  of  deleterious  responses 
stemming  from  increased  levels  of  alkali  contents  in  many  cements  and  In- 
creased usage  of  marginal  aggregates. 

One  of  the  major  difficulties  in  understanding  the  details  of  alkali- 
silica  reactions  has  been  the  inability  of  research  workers  to  measure  the 
extent  and  rate  of  reaction  to  be  expected  In  a given  reactive  combination 
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of  expansions  with  trortar  bars  provide  appropriate  'measure  of  the 
expansion  due  to  reaction,  but  not  of  the  reaction  itself.  It  is  well  known 
that  nany  combinations  of  components  will  react,  sometines  extensively,  with- 
out giving  rise  to  imm«,-diate  expansion;  in  some  ci  rcumslances  the  expansion 
does  not  take  place  at  all.  An  independent  measure  of  the  extent  of  reaction 
separate  and  distinct  from  measurements  of  expansion  Is  clearly  needed. 

it  is  the  purpose  of  this  paper  to  present  and  illustrate  progress  in 
the  development  of  such  e rneasure. 
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or  more  reactants  to  prccuce  one  or  more  reaction  products.  The  extent  of 
reacticn  can  be  assessed  ty  ronitoring  either  the  increasing  concentration 
or  amount  of  product  or  products,  or  the  decreasing  concentration  or  amount 
of  one  cr  more  of  the  reactants. 
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In  alkali-silica  reactions  the  product  is  an  alkali-silica  gel  of  un- 
certain and  variable  co^iposition  located  irregularly  in  patches  within  the 
body  of  the  affected  mortar  or  concrete.  It  is  obviously  not  feasible  to 
pick  out  all  of  these  patches  to  determine  the  amount  of  product  formed. 

Of  the  reactants,  it  is  similarly  infeasible  to  monitor  the  decrease  in 
amount  of  reacting  siliceous  aggregate.  Hydroxide  ions  in  solution  can  be 
readily  rrenitored,  but  the  presence  of  a vast  reservoir  of  easily  mobiUz- 
ablo  hydroxide  ions  in  the  form  of  solid  calcium  hydroxide  disseminated 
throughout  the  hydrated  cement  paste  complicates  the  use  of  this  reactant 
as  an  Indicator  of  the  progress  of  the  reaction.  This  leaves  measurement 
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Fortunately,  use  of  the  alkali  for  conceni ration  as  an  indicator  of 
the  extent  of  reaction  has  several  favorable  aspects.  The  alkali  ions 
are  readily  mobile  throughout  the  affected  mortar  or  concrete,  at  least 
while  saturated.  Thus,  while  a uniform  concentration  of  these  ions  through- 
out the  mass  cannot  be  guaranteed,  it  seems  as  this  should  reasonably  be 
the  case;  if  this  is  so  tne  alkali  concentration  determined  from  a sample 
of  pore  fluid  ought  to  te  reasonably  representative.  Also,  the  alkali 
ions  are  relatively  easy  to  determine  by  standard  methods,  once  the  solution 
has  been  obtained. 

However,  a number  of  features  preclude  the  simple  approach  of  using 
the  reduction  of  alkali  ion  concentration  with  time  as  a measure  of  the 
extent  of  reaction.  To  begin  with,  alkali  concentrations  in  mortars 
isolated  from  additicnal  water  supply  increase  with  time  as  water  Is  sub- 
tracted from  the  pore  fluid  by  the  processes  of  cement  hydration.  Secondly, 
at  least  in  some  cements/  some  of  the  alkalies  are  considerably  delayed 
before  reaching  sciutiori;  thus  later  portions  entoring  solution  fend  to 
mask  alkali  I ons  being  w i thdrewn  f rom  solution  by  the  a Ika I i -s i I i ca  reaction. 
Third,  there  is  evidence  that  some  of  the  alkali  Ions  may  enter  solid  solu- 
tion within  the  C-S-H  gel  of  the  hydrated  cement.  Finally,  there  is  fhe 
concept  that  some  of  tr.e  alkali  may  be  "recycled'*  after  reaction  with  silica, 
i .e. , disp laced  by  calci urn  to  form  a more  stab le  calcium  alkali  s i 1 i cate. 

An  approach  has  oeen  evolved  which  seems  to  take  care  of  all  of  those 
difficulties  except  perhaps  the  last.  So  far,  no  method  has  suggested  itself 
by  means  of  which  the  amount  of  "recycled"  alkali  returned  to  solution  can 
be  monitored.  To  the  extent  that  this  phenomenon  occurs,  the  method  il- 


lustrated here  will  underestimate  the  extent  of  alkali  silica  roaefion  re- 


The  method  suggested  involves  measuring  the  concentrations  of  the  alkali 
cations  (Na^  and  K ) in  the  pore  fluid  of  reacting  mortars  or  concretes  and 
comparing  these  to  corresponding  measurements  carried  out  on  Identical  mortars 
or  concretes  "blank"  with  respect  to  silica  that  can  take  part  in  the  reac- 
tion. Both  measurements  are  corrected  for  the  increase  In  concentration  due 
to  removal  of  water  for  cement  hydration.  The  difference  In  the  adjusted 
concentrations  of  alkalies  between  reacting  mixtures  and  Identically  exposed 
"blanks"  provides  a quantifative  index  of  the  alkali  consumed  In  the  alkali- 
silica  reaction.  Further',  an  estimate  of  the  amount  of  reactive  silica  con- 
sumed can  bo  derived  i f an  assumption  as  to  the  stoichiometry  of  the  reaction 
product  is  made. 
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The  remainder  of  this  paper  provides  a detailed  illustration  of  the 


application  of  this  scheme  to  one  series  of  specimens  and  of  the  conclusions 
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that  can  be  drawn  from  i t. 


EXPERIMENTAL  DETAILS 

A series  of  mortars  were  prepared  using  a moderately  high-alkall  ASTM 
Type  I cement  whose  composition  Is  given  In  Table  I.  "Blank"  mortars  In- 
corporated cement,  ASTM  Designation:  C 109  standard  Ottawa  sand,  and  water, 
in  the  weight  proportions  1:2:0. 5.  Reacting  mortars  incorporated  a ground 
reactive  opaline  silica  ("Beltane  opal"  from  Sonoma  County,  California)  in 
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after  about  he 
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hydratl  ng  cerve 


were  not  mease 


the  proportion  of  10  percent  by  weight  of  the  cement,  with  a portion  of  the 

sand  removed  so  as  to  provide  constant  yield  of  mortar.  The  opal  had  been 

2 

ground  in  a bal I ml  1 1 to  a Blaine  fineness  of  1 1,000  cm  /g. 

The  mortar  specimens  were  cured  in  sealed  containers  at  20^  C for 
periods  from  1/2  hour  to  70  days.  They  were  then  subjected  to  pressures 
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of  approximately  75,000  pst  in  a special  pressuring  <jevice  designed  to 
facilitate  extraction  and  recovery  of  pore  fluid.  Yields  ranged  from  ca. 

10  ml  at  early  ages  to  less  than  2 ml  for  more  mature  specimens,  the  fluid 
being  collected  in  a syringe  with  only  minimal  exposure  to  the  atmosphere. 
Details  of  the  apparatus  and  collection  procedure  will  be  published  else- 
where. The  fluid  recovered  was  immediately  analyzed  for  alkali  ions  by  flame 
photometry  using  a Perkin-Etmer  Model  503  atomic  absorption  spectrophoto- 
meter flame  photometer  unit. 


ALKsALI  CONCENTRATION  IN  "BLANK”  fORTARS 


From  the  cement  analysis  of  Table  I it  is  calculated  that  If  all  of  the 
alkalies  were  to  be  dissolved  In  the  mix  water  the  resulting  concentrations 
would  be  0.395  N for  lens  and  0.193  N for  Na^  ions,  for  a combined  alkali 
Ion  concentration  of  0.588  N,  The  concentrations  of  ions  actually  found  to 
be  present  in  the  pore  solutions  of  the  non-reactIve  "blank"  mortars  are 
given  in  Table  2.  The  combined  "raw"  alkali  concentration  exceeds  0.588  N 
after  about  half  a day  and  is  very  much  higher  after  extended  hydration. 

The  effect  is  clearly  due  to  withdrawal  of  water  as  It  Is  incorporated  in 
hydrating  cement  pas+e. 

Unfortunately  the  non-evaporable  water  contents  of  the  present  specimens 
were  not  measured.  In  lieu  of  direct  measurements,  recourse  wes  had  to  the 
"standard"  non-evaporable  water  vs.  age  curve  of  Copeland  and  Kantro  (I), 
and  the  combined  water  withdrawn  from  the  pore  solution  was  estimated  for 
each  specimen  from  their  w:c  0.5  curve.  The  combined  water  was  subtracted 
from  the  total  water  to  yield  an  estimate  of  the  residual  fluid  water  at 
each  age.  The  concentrations  of  alkali  Ions  found  at  each  stage  were  then 
adji»sred  by  multiplying  by  the  quotient  of  residual  water  divided  by  original 


wafer  contents.  This  correction  thus  eliminates  tluj  effect  of  the  removal 


of  the  hyJration  water  an-t  y I elcfe  an  equi  va lent  concentration  calculated  on 


the  basis  of  the  original  water  content.  The  results  of  these  calculations 


The  data  provide  sore-  insight  into  the  behavior  of  alkalies  in  hydrat' 


ing  cement  and  concrefe  nstsubject  to  a I ka I i -aggregate  reaction.  After  the 


e K ion  concentration  correcied  for  hydration  water  re- 


moval was  within  experimental  error  of  the  0.395  N value  expected  if  ail  of 


the  potassium  is  dissolvec,  indicating  that  all  of  the  potassium  in  this 


cement  is  readily  hydrolyc^D  le.  The  corrected  Na  it,r»  concentration  was 


initially  only  about  two-thirds  of  the  correspond/ ng  0.193  V value,  although 


it  increases  somewhat  up  to  a day.  After  several  days  there  is  a slight  but 


definite  decline  in  the  corrected  K concentration,  and  some  in 


corporation  of  the  alkalies  into  the  C-S-H  gel;  alternatively,  some  of  It 


may  represent  reaction  with  the  "non-reacti ve"  quartz  sand 


The  trend  indicated  is  illustrated  in  Fi 


concentrations  of  corral  nee  alkalies  a 


total  alkali  content  provided  by  the  cement,  and  plotted  vs.  time.  Apparently 


vith  this  cement  about  90  percen- 


mediately;  the  amount  in  solution  increases  slightly  between  half  a day  and 


a day;  and  subsequently  there  Is  a gradual  reduction  to  about  80  percent  of  the 


total  In  about  two  months 


product 


that 


ALKALI  CONCENTRATIONS  IN  REACTING  f^ORTARS 


data  cn 


The  actual  K and  Na  concentrations  found  in  the  solutions  expressed 


from  the  sealed  reactive  mortars  are  given  in  Table  3,  along  with  the  cor- 
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responding  values  corrected  for  the  withdrawal  of  water  by  cement  hydration. 

The  corrected  concentrations  are  maintained  at  close  to  the  0,395  N 

value  for  the  first  half  day  or  so,  and  then  drop  steadily  and  progressively 

to  a low  of  0,200  N at  70  days,  reflecting  the  early  onset  and  progress  of 

the  alkali-silica  reaction.  The  corresponding  Na^  results  are  less  clearly 
defined,  but  appear  to  show  a modest  decrease  starting  at  about  4 days. 

gUANTJTATIVC  ASSESSMCNT  OF  EXTENT  Or  REACTION 

The  amount  of  alkali  tied  up  in  a I ka 1 i -s 1 I i ca  reaction  product,  I.e., 
the  desired  estimate  of  the  extent  of  the  reaction.  Is  calculated  from  the 
difference  between  the  corrected  concentrations  of  the  alkalies  between 
"blank"  and  reacting  specimens  of  a given  age.  The  data  are  given  in 
Table  4,  for  each  of  the  alkali  Ions.  The  combined  tally  is  re-expressed 
as  a percentage  of  the  total  alkali  provided  by  the  cement,  and  plotted 
against  time  in  Fig.  2. 

The  results  indicate  that  about  3 percent  of  the  total  alkali  present 
has  reacted  almost  immediately;  that  about  6 percent  has  reacted  by  I day, 
about  23  percent  by  I month,  and  28  percent  by  about  2 months.  The  Inset 
shows  the  detailed  time  trend  for  the  first  day.  Early  data  can  be  fitted 
reasonably  well  to  linear  plots  on  both  log  time  and  square  root  of  time 
plots,  but  later  data  depart  significantly  from  the  trends. 

With  an  additional  assumption  about  the  stoichiometry  of  the  reaction 
product  one  can  form  some  idea  about  the  proportion  of  the  reactive  silica 
that  has  reacted  In  a given  time.  Krogh  (2)  recently  summarized  published 
data  on  analyses  of  alkali-si  Mca  reaction  gels.  The(  K^O  + ^32^ 
ratios  reported  range  from  virtually  zero  to  0.40;  but  neglecting  four 
obviously  aberrant  analyses  showing  values  of  0.06  and  below,  the  average 
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If  this  ratio  Is  assumed  to  repre- 


sent the  composition  of  tne  reaction  product  formed  in  the  present  experl 


ments,  one  can  calculate  the  amount  of  reactive  ground  opal  "consumed”  at 


It  appears  that  almost  20  percent  of  the  ground  opal  has  reacted  by  the 
brief  period  of  I day,  and  sligntly  less  than  40  percent  by  2 rronths. 


Again,  one  should  recall  that  all  these  calculations  are  based  on  the 


amount  of  alkali  removed  from  solution 


To  the  extent  that 


recycling  occurs,  they  must  be  considered  lower-bound  estimates 


Finally,  it  has  been  found  useful  to  think  about  alkali  content  (and 


extent  of  reaction)  in  volur've  terms.  The  unit  weight  of  the  mortar  in  the 


present  investigation  is  close  to  2.25  g/cm^  or  2,250  kg/m 


alkali  content  of  the  mortars  i 


i n a month 


’m  in  two  months 


It  appears  that  the  method  outlined  may  provide  a useful  assessment 


of  the  rate  of  alkali  silica  reactions  taking  place  under  controlled  con- 


ditions. Further  investigation  into  the  extent  of  possible  "recycling"  of 


alkalies  back  to  the  solution  oy  secondary  replacement  of  alkalies  in  the 


reaction  product  by  calcium  ions  is  clearly  needed  for  the  results  to  be 


considered  unambiguous 


TABLE  I 
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ANALYSIS  OF  CEMENT  USED 


CaO 

63.2* 

Na^O 

. 0.30* 

SlO^ 

21.1 

^2° 

. 0.93 

AI^Oj  .... 

5.8 

Total  alkalies 

(as  equivalent  Na^O)  . . 

. 0.91 

.... 

Insoluble  residue  . . . . 

. 0.22 

MgO  

3.4 

Loss  on  ignition  

. 0.7 

SO, 

2.7 

ANALYSIS  OF  ALKALI  ION  CONCENTRATIONS  IN  PORE 
SOLUTIONS  EXPRESSED  FROM  "BLANK"  MORTARS 


Ion 

Cone.  N 

Na^  Ion 

Cone.  N 

Na^+K^  Cone. 

Correct  ii 

Aqe  Oriainal 

"Corrected” 

Orlqinal 

"Corrected" 

(Corrected) 

Factor* 

1/2  Hour 

0.405 

0.397* 

0.  154 

0. 131 

0.528 

0.98 

1 Hour 

0.405 

0.389 

0.135 

0.  130 

0.519 

0.96 

3 Hours 

0.412 

0.395 

0.  136 

0.131 

0.526 

0.96 

6 Hours 

0.424 

0.399 

0.144 

0.135 

0.534 

0 .94 

14  Hours 

0.474 

0.427 

0.  163 

0.  1 47 

0.574 

0.90 

27  Hours 

0.496 

0.396 

0.  197 

0.157 

0.553 

0.80 

4 Days 

0.547 

0.385 

0. 201 

0.141 

0.524 

0.70 

9 Days 

0.532 

0.341 

0.204 

0.131 

0.472 

0.64 

15  Days 

0.554 

0.344 

0.215 

0.133 

0.477 

0.62 

49  Days 

0.594 

0.356 

0.242 

0.  145 

0.501 

0.60 

70  Days 

0.575 

0.333 

0.218 

0.  126 

0.459 

0.58 

^Corrected 

for  water 

w i thdrawa  1 

cue  to  hydrat 

ion  of  the 

cement ; ccrrectl on 

factor  tor 

any  qlven  aoe  is  Total  Water  - Estimated  Non 

-Evaoordble  Water 

Total  Water 


analysis 

OF  ALKALI 
EXPRESSED 

lO'f  CCtv'CENTRA.riONS  lf^  PORE 
FROM  reacting  mortars 

SOLC/nONS 

(^nb  i ned 

Ion 

Cone..  N 

Na^  Ion 

Cone . . N 

(K%Na^ 

Aae 

Or  i Qi  na  1 

Corrected* 

Orlqinal 

Corrected* 

Corrected* 

1/2  Hour 

0.394 

0.386 

0.  126 

0.124 

0.510 

1 Hour 

0.392 

0.376 

0.123 

0. 118 

0.494 

3 Hours 

0.394 

0.378 

0.  126 

0.121 

0.499 

6 Hours 

0.407 

0.383 

0.135 

0.  127 

0.510 

14  Hours 

0.445 

0.401 

0.148 

0.  135 

0.534 

27  Hours 

0.454 

0.363 

0.190 

0.  152 

0.515 

4 Days 

0.468 

0.328 

0.173 

0.121 

0.449 

9 Days 

0.442 

0.283 

0.153 

0.098 

0.381 

15  Days 

0.447 

0.277 

0.  197 

0.  122 

0.  399 

49  Days 

0.384 

0.230 

0.186 

0.  112 

0.542 

70  Days 

0.345 

0.200 

0. 170 

0.099 

0.299 

*For  correction  factors,  see  Table  2. 
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TABLE  4 


DIFFERENCE  BETWEEN  CORRECTED  CONCENTRATIONS 
OF  "BLANK"  AND  REACTING  MORTARS 


Difference  in 


Total  Difference 


Na  Cone*.  N 


1/2  Hour 
I Hour 
3 Hours 
6 Hours 
14  Hours 
27  Hours 


0.000125 

0.000135 

0.000(20 

0.000330 

0.000190 

0.000375 

0.000455 

0.000390 

0.000795 

0.000800 


0.00100 

0.00(08 

0.00096 

0.00(60 

0.00(52 

0.00300 

0.00364 

0.003(2 

0.00636 

0.00640 


tive  si(ica  added  at  t(ie  rate  of  (0?  by  weight  of  cement  used,  hence 
o is  5 m(  of  water  present  per  g of  reactive  siiica. 

iming  K -f  N'a  mole  ratio  is  0.(25,  corresponding  to  K_0  + Na.O 


PERCENTAGE  OP  TOTAL  ALKALIES  MITKDKAWN  FROM  SOLUTION 


TIKE.  DAYS  (LOG.  SCALE) 

Coffibln«d  alkali  contents  of  “blank"  mortar  pore  solutions  expressed  as 


percentages  of  total  alkalies  present 


IKE.  HOURS 


g.  2.  Calculated  percentage  of  the  total  alkalies  that  has  been  withdrawn 
from  solution  as  alkall»sllica  reaction  product. 


CONTRIBUTION  TO  DISCUSSION 


Dr.  D.  Hlrche 


A great  problem  is  to  get  correct  information  about  tbe 
of  Ca**  ions  against  alltalies  in  the  reaction  time.  We  : 
this  exchange  occurs  mainly  on  the  outer  surfaces  of  sil 
Because  of  the  great  surface  area  (11000  approximate!; 
tested  opal  we  have  to  be  careful  on  this  point. 


ELECTRON  PROBE  MICROMJALYSES  OF 
REACTION  ZONES  AT  CritirJT/OPAL  INTERFACES 


Departrr.ent  of  Geology 
Queen  Mary  College 
London  El  mNS. 


rolar  prisms  of  Beltane  Opal  embedded  in  ordinary 
jnt,  and  cements  containing  25  and  6%  of  NaCl  were 
•he  laboratory  and  stored  at  1*0°C  for  7 ar.d  28  day 
iroscopic  examination  and  electron  probe  micro- 
■faction  zones  developed  near  the  interface  show 
rtion  zone  develops  within  the  opal  and  is  a comjxDsite 
•ee  optically  distinct  regions.  The  width  of  the  zone 
h time  and  varies  with  the  alEali  content  of  the 
•ament  containing  2;1  NaCl  givir^g  the  widest  reaction 
■ariation  of  sodium  and  potassium  as  well  as  certain 
3 across  the  reaction  zone  changes  with  time,  but 
.on  is  also  partly  depenient  on  the  levels  of  sodium 
;ent  in  the  cement. 
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Introduction 

Since  the  work,  of  Stanton^  in  19^0  a considerable  volune  of  resear- 
ch work,  has  been  published  concerning  the  nature  and  effects  of  alkali- 
silica  reaction  in  concretes,  and  case  studies  have  been  reported  fron 
many  parts  of  the  world.  As  researches  have  progressed  the  aechanisa  of 
the  reaction  has  become  better  understood,  and  the  suggestion  of  pessimism 
proportions  for  raaxiausi  expansive  reaction  made  by  Mielenz  et  al^  and  rec- 
ently clarified  and  elebcratei  by  Ozol^  has  become  an  important  considera- 
tion in  present  researches.  Detailed  investigations  of  the  reaction  zone 
between  the  aggregate  and  cement  paste  such  as  those  carried  out  by  Thaulow 

L 

and  Knudsen  have  provided  further  information  on  the  details  of  the  reac- 
tion processes  but  have  in  their  turn  raised  further  problems  which  require 
explanation. 

In  reports  of  some  case-study  investigations  it  is  clear  that  alkali- 
silica  reactivity  combines  with  other  factors  such  as  sulphate  or  chloride 
contamination  of  the  aggregates  to  produce  the  deleterious  effects  obser'/ed? 
These  observations  raise  the  possibility  that  the  alkali-silica  reaction 
may  be  modified  by  interaction  with  other  reactions  and  processes  taking 
place  in  the  concrete  at  the  same  tine.  Alkali-silica  reactivity  has  been 
reported  in  a number  of  case  studies  from  Mediterranean  end  Middle  Easter.n 
countries^*^*^  and  a further  example  fron  Das  Island  in  the  Arabian  Gulf  is 
currently  under  investigation.  The  wide  temperature  end  h.anidity  fluctua- 
tions in  these  countries  appears  to  accelerate  the  deleterious  processes; 
and  aggregates  contaminated  by  chlorides  or  sulphates  which  are  not  un- 
common in  this  region  present  a problem  for  the  construction  engineer. 

In  order  to  begin  to  investigate  some  of  these  problems  in  the  lab- 
oratory a series  of  samples  were  prepared  using  a reactive  low  cristobolite 
opal  set  in  cements  to  which  sodijQ  chloride  had  been  added.  After  a 
storage  period  the  progress  of  the  alkali-silica  reaction  was  monitored 
using  an  electron  probe  microanalyser. 

Experimental  Procedures 

The  specimens  used  in  this  study  were  prepared  from  10mm  by  Tcia 
rectangular  tablets  of  Beltane  Opal  which  were  2mra  thick.  These  tablets 
were  embedded  in  a cement  paste  with  a water/cement  ratio  of  O.I4.  After 
a curing  period  of  2^  hours  at  20°C  the  small  specimen  blocks  were  stored 
over  water  in  pairs  in  sealed  containers  at  Uo°C.  Specimens  1 and  2 were 


alkalie.'; 
analar  s 
Specloer. 
chloride 


dessicatec 
sections  s 


were  sisii 
the  specie 


DS‘pe  of  cei 


stored  together  and  prepared  using  ordinary  Portland  cement  with  total 
alkalies  O.5U'.  Specimens  3 and  4 stored  together  had  2%  by  weight 
sear-  analar  sodiun  chloride  added  to  the  cement  at  time  of  manufacture. 

“ Specimens  5 and  6 were  similar  to  3 and  4 but  with  a 6%  addition  of  sodium 

chloride.  The  analyses  of  the  cement,  and  a partial  analysis  of  the  opal 


of 

misa 

used  are  given  in  Table 

1. 

TABLE  1 

rec- 

era- 

jne 

iulov 

Analyses  of 

cement  and  opal  used 

in  this  study 

Portland  Cement 

Beltane  Opal 

»ac- 

SiOp 

20.2 

_ 

\uire 

la  0 

7.2 

0.33 

Fe|0| 

2.2. 

- 

Mn203 

O.OU 

- 

ilkali- 

P2O5 

0.16 

“ 

-ide 

TiOp 

0.33 

- 

CaO 

6U.1 

0.12 

»rved5 

MgO 

1.3 

- 

in 

SO^ 

KgO 

2.7 

O.Ul 

0.12 

NagO 

0.13 

0.10 

L.O.I, 

0.8 

- 

>een 

X.R. 

0.33 

- 

.era 


f is 


•ua- 

•3; 


lab- 

lite 


Specimens  l,  3 and  5 were  removed  from  storage  after  7 days, 
dessicated,  impregnated  with  araldite  and  prepared  as  petrographic  thin 
sections  suitable  for  electron  probe  microanalysis . Specimens  2,  4 and  6 
were  similarly  treated  after  a storage  period  of  28  days.  A summary  of 
the  specimen  numbering  scheme  is  given  in  Table  2 below. 

table  2 

Test  specimen  numbering  scheme 


ed 

re 


Type  of  cement  used 

O.P.C,  v/c  0.4 
O.P.C.  + 2%  NaCl  w/c  0.4 
O.P.C.  ♦ 6i  .VaCl  v/c  0.4 


7 days  storage  28  days  storage 

Specimen  1 Specimen  2 
Specimen  3 Specimen  4 
Specimen  5 Specimen  6 


165 


The  prepared  petrograp?uc  thin  sections  were  exanined  and  suitable 
portions  of  reaction  zone  selected  for  electron  probe  microanalysis.  The 
microanaJ.yses  were  carried  out  using  the  non  dispersive  electron  probe  in 
the  Dei>artment  of  Mineralogy,  Cambridge.  This  instrument  is  linked  to  a 
small  computer  which  allows  spectrum  stripping  and  correction  procedure 
programmes  to  be  applied  to  the  X-ray  results.  The  instrument  provides 
complete  analyses  of  5 to  10  micron  diameter  areas  which  can  be  selected 
optically.  IJuraerous  spot  analyses  were  made  along  approximately  linear 
traverses  from  the  cement  paste  through  the  reaction  zone  and  into  the 
opal . 


Results 


Petrographic  examination  of  the  specimens  clearly  shows  that  the 
reaction  zones  lie  entirely  vithtin  the  opal  and  appear  to  have  developed 
after  the  cement  had  set.  The  reaction  rims  themselves  were  seen  to  con- 
sist of  several  zones.  The  cloudy  irregular  zone  extending  inwards  for 

u 

2ram  noted  by  Thaulow  and  Knudsen  was  only  clearly  seen  in  specimen  1. 
However,  a consistent  feature  of  all  the  specimens  was  the  development  of 
a dark  irregular  zone  at  the  inner  part  of  the  rim  as  seen  under  transmit- 
ted light.  As  a result  of  tr.o  high  storage  temperatures  gels  developed 
within  the  reaction  rin  tended  to  escape  along  cracks  so  that  the  speci- 
mens stored  for  2H  days  had  patchy  developments  of  reaction  product  and 
void  areas  in  the  reaction  rim  areas  nearest  to  the  cement.  Some  of  these 
features  nay  be  seen  in  the  photo,7iicrographs  in  figure  1.  These  photo- 
micrographs show  typical  areas  of  reaction  rim  and  were  taken  in  plane 
polarized  transmitted  light.  The  most  obvious  feature  of  the  rims  develop- 
ed in  the  6 specimens  is  their  width  variation.  As  expected  the  rims 
increase  in  size  with  time,  and  in  all  cases  they  approximately  double  in 
width  under  the  storage  conditions  noted  above  during  the  21  day  interval 
selected  in  this  stuiiy.  It  is  interesting  to  note  the  comparison  ofthe 
150  micron  rin  developed  after  months  storage  at  room  temperature 
reported  by  Thaulow'*  using  a cement  with  2.02  alkalies,  and  the  100  micron 
rim  developed  after  7 days  at  with  a 0.5^  alkali  cement  in  specimen  1, 

A second  feature  of  importance  is  that  the  specimens  containing  2%  of  added 
sodium  chloride  exhibit  wider  reaction  rims  than  those  containing  6%  sodium 
chloride. 


The  petrographic  sections  were  coated  with  carbon  and  between  10 
and  17  individual  analyses  were  made  on  each  sample  along  a traverse  perp- 
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of  the  6 specimens  used  for  el- 
'he  width  of  the  field  of  view 


,ron  probe  nicrcanalysis 
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, ’ t*  ir.teri’aco  from  the  cement  thi'ough  the  reaction  zone  and 

,n.«r!*t?d  opal.  Of  these  analyses  ^ vere  selected  from  each 
A*,v  recorded  in  Tables  3,  ^ and  5*  The  additional  analyses 
aiialyses  shown  here  are  typical  of  the  particular  area  in 
•I,  which  they  come.  The  porous  zones  and  void  areas  in  the 

rims  were  avoided  so  that  analyses  from  the  central  part  of 
^^^.'’.rct  the  composition  of  the  solid  reaction  product  materials 
The  analyses  tabulated  show  typical  compositions  of  small 
^•,x*cimens  as  indicated  in  the  key  to  analyses.  The  particular 
•I  -.Vr  the  individual  analyses  appeared  to  be  homogeneous  in 
f..  .•  rcfiecvcd  lignt  but  clearly  must  represent  the  composition 
tVv  mineral  grains  at  the  focus  of  the  electron  beam.  As  is 
ihe  greatest  variation  between  closely  spaced  analyses  was 
<1..-  cement  paste  areas. 


into 


.•ytical  results  given  in  Tables  3,  ^ and  5 have  a number  of 
.-rest,  silica  typically  shows  a gradual  increase  from  the 
■•A.-tior:  zone  to  the  back  and  into  unaltered  opal,  though 
. > show  a minimum  in  the  centretl  region  of  the  rims.  These 
• reflected  in  lower  totals  for  these  particular  analyses 
higher  water  contents.  With  the  exception  of  specimens 
,*vn  was  detected  as  having  migrated  into  the  rims  and  in 
‘.T.i-ns  it  was  only  present  in  the  outermost  rim  zones. 

;s.rly  dees  not  easily  enter  the  reaction  zone,  the  outermost 
■.  ruirrev  zone  in  specimen  1 being  the  only  exception. 


TABLES  3,  and  5 

I'^.vbe  Spot  Kicroanalyses  across  cement/opal  reaction  zones 
Key  to  Analyses 


*\*^it-nt  paste  at  a distance  of  more  than  lien  from  the  opal 
paste  adjacent  (within  0.01m)  to  the  reaction  rim 
}<r'.*ction  rir.  material  close  to  the  cement  interface 
V*":trrial  from  the  central  zone  of  the  reaction  rim 
M*.;«*rial  from  the  inmost  part  of  the  visible  reaction  rim 
MAttrial  adjacent  to  but  just  beyond  the  visible  reaction 


•cm  the  central  part  of  the  opal  prism 


are  not  detennined  by  this  method 
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TABLK  3 


Specimen  1 

Width,  of  Reaction  Rim 

0.10  un 

% 

Oxiae 

Ce-rent 
1 2 

Reaction  Rira 
F C B 

opal 

3 

SiO^ 

13.3I< 

17.07 

29.99 

7!*.  10 

76.1a 

94.22 

91*.  99 

^2°3 

1.77 

2.77 

3.55 

0.68 

0.33 

0.00 

0.22 

0.6o 

0.1*5 

0.97 

0.00 

0.00 

0.00 

0.00 

MgO 

0.31 

0.66 

1.01 

0.00 

0.00 

r\ 

W . 

0 00 

CaO 

57.79 

51.77 

1*7.01* 

1*.1*1* 

0.63 

0.25 

o.ll* 

NagO 

0.00 

0.00 

0.00 

1.69 

o.eo 

0.00 

0.00 

0.00 

0.00 

0.00 

5.55 

0.61 

0.1.2 

0.00 

S 

0.7U 

2.15 

2.73 

0.51 

0.28 

0.19 

0.00 

Cl 

0.00 

0.00 

0.00 

0.09 

0.00 

0.00 

0.00 

Total** 

75.05 

71*. 87 

78.29 

85.06 

79.03 

95.03 

95.35 

Spec imen 

2 

width  of  Reaction  Rim  0. 

25  mm 

% 

Cemer 

It 

Reaction  Rim 

Opal 

Oxide 

1 

2 

F 

c 

B 

3 

1* 

SiOg 

19.37 

17.68 

70.62 

6U.56 

39.37 

97.10 

94.35 

A1203 

2.7I* 

9.61 

0.71 

0.00 

0.83 

0.36 

0.23 

^«2°3* 

0.66 

3.58 

0.00 

0.00 

o.co 

0.00 

0.00 

MgO 

0.76 

1.07 

0.00 

0.00 

0.00 

0.00 

0.00 

CaO 

51.58 

1*1.62 

0.31* 

0.11 

o.ll* 

0.00 

0.00 

Ha^O 

0.00 

0.00 

0.52 

0.1*2 

0.1*9 

0.00 

0.00 

K^O 

0.00 

O.lU 

0.18 

0.60 

0.1*5 

o.lo 

0.28 

s 

1.02 

1.87 

0.00 

0.00 

0.00 

0.00 

0.00 

Cl 

0.00 

0.36 

O.ll* 

0.15 

0.00 

0,00 

0.00 

Total** 

76.13 

75.93 

72.51 

65.84 

91.28 

97.83 

94.66 
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TABLE  I4 


of  f.eaction  Kira  O.6O  nun 


Reaction  Riai  I.60 


Reaction  Rim 


1 

Si02 

9.67 

13.38 

27.  lit 

75.90 

89.34 

95.97 

93.56 

i 

AI2O3 

11.56 

7.69 

2.11 

0.21 

0.66 

0.00 

0.23 

Fe^Os* 

3.05 

2.76 

0.18 

0.00 

0.00 

0.00 

0.00 

i 

MgO 

0.66 

1.11 

0.00 

0.00 

0.00 

0.00 

0.00 

i 

CaO 

I1I.65 

Ii3.91 

45.77 

1.22 

0.37 

0.22 

0.33 

i 

Na20 

0.00 

O.OC 

1.85 

3.32 

1.19 

0.55 

0.65 

K^O 

0.00 

O.lU 

0.lt7 

1.25 

0.22 

0.15 

0.11 

S 

3.37 

It. 09 

1.01 

0.00 

0.22 

0.00 

0.00 

Cl 

3.81< 

3.0U 

1.73 

0.12 

0.00 

0.17 

0.14 

— 

Total** 

73.60 

76.12 

80.26 

82.02 

92.00 

97.06 

95.02 

- 

Total**  lU.92  69.30  67.86  65.60  78.17  93.38  91*. 01 

Specimen  6 Width,  of  Reaction  Rin  O.90  nim 


Calcium  however  does  appear  to  he  present  in  concentrations  above  that  in 
the  opal  in  all  reaction  rir.s  and  the  pattern  is  consistent  for  all  speci- 
mens. In  the  very  outemcst  cone  of  the  reaction  rim  CaO  is  present  in 
amounts  comparable  with  the  adjacent  cement  paste,  but  within  a few  mic- 
rons of  the  interface  the  ccr.centration  drops  to  a few  percent  azid  in  the 
back  part  of  the  rim  zone  the  concentration  levels  are  only  a little 
higher  than  the  trace  ar.cur.ts  found  in  the  opal.  Although  the  detection 
limit  for  sodium  is  about  0.i«  (as  Ka^jO)  it  is  interesting  to  note  that 
only  sample  5 has  sodium  present  in  the  cement  at  a distance  from  the 
interface.  Several  specimens  contained  areas  with  K^O  present  in  trace 
amounts  within  the  cement  paste,  though  there  is  also  some  evidence  to 
suggest  that  Ka^O  and  more  especially  K^O  tend  to  becc.mo  concentrated  in 
the  cement  pastes  adjacent  to  the  interface  and  this  effect  is  best 
shown  by  specimen  5 in  these  results. 

The  concentration  cf  both  sodium  and  potassium  in  the  reaction 
zones  is  very  obvious  from  the  tables.  The  variations  across  end  beyond 
these  reaction  zones  are  illustrated  in  Figure  2,  These  diagrams  show 
how  the  alkalies  are  distributed  within  the  reaction  zones  and  how  the 
concentration  levels  change  vizh  time.  Specimens  1 and  2 clearly  show  a 
dissipation  of  the  alkalies  as  the  reaction  rim  widens,  while  specimens 
3 and  4 show  a build  up  of  c-oth  sodium  and  potassium  in  the  rim  over  the 
28  day  period.  Specimens  3 and  with  2%  added  sodium  chloride  contrast 
with  5 and  6 (6^  added  1‘aCl)  in  that  these  lest  two  specimens  show  that 
sodium  increases  to  very  high  -concentrations  in  the  rim  at  first  but 
reduces  with  time.  Howe*/er,  the  potassium  in  5 and  6 does  not  reflect 
the  change  in  concentration  shewn  by  the  sodium  in  the  way  that  it  does 
in  3 and  . 


If  the  addition  of  sodium  chloride  is  regarded  only  as  a straight- 
forward addition  of  sodiu.m  ic.ns  to  the  cement,  then  these  experiments 
would  appear  to  indicate  that  the  pessimism  for  alkalies  in  this  cement 
with  the  opal  used  and  the  storage  co.nditaons  of  these  experiments  would 
lie  between  0.5  and  3»7a  total  alkalies  as  oxides.  However,  the  addition 
of  sodium  chloride  causes  ccmtlex  changes  in  the  formation  of  the  cement 
minerals.  As  an  example  X-ray  diffraction  results  show  that  the  develop- 
ment of  calcium  hydroxide  is  modified  by  the  addition  of  salt.  Although 
under  the  conditions  used  ir.  this  work  calciijm  hydroxide  formation  is 


prf- 

t ■■  , 

r 

Aj ' ' ■ , ■ 

I 

W.4i>>  j 

>iK‘ 


CCMENT 


SPECIMEN 


OPAL 


SPECIMEN 


CEMENT 


Alkali  variation  across  reaction  zones 


\ K'.' 


I».  TrAulcv 
Reykjfevi/., 


virtually  complete  after  ? days  storage  for  the  normal  cement,  calc iiim 
hydroxide  is  still  developing  at  2d  days  in  the  cements  containing  sodium 
chloride  and  this  retardation  is  most  marked  in  the  specimens  containing 
6%  additional  sodium  chloride.  The  addition  also  introduces  chlorine  to 
the  cement,  this  is  at  first  taken  up  in  forming  C^ACCaClg)!!^^  and  similar 
minerals  but  chlorine  ions  are  also  absorbed  onto  the  hydrates  and  to  a 
lesser  extent  on  unhydrated  phases.  Up  to  about  5^  sodium  chloride  the 
chlorine  can  be  accounted  for  in  this  way  but  at  higher  concentrations 
free  sodium  and  chlorine  ions  mey  be  present  in  pore  solutions  and  halite 
may  be  detected  in  the  dry  cement  paste.  The  presence  of  these  ions  will 
also  affect  the  concentration  of  other  ions  notably  calcium  in  the  pore 
solutions  and  since  the  alkali-silica  reaction  progresses  as  a result  of 
alkali  ions  being  carried  to  the  silica  at  the  reaction  site  in  solution 
any  change  in  ionic  concentrations  will  be  reflected  the  progress  of 
this  reaction. 


The  results  show  that  maximum  local  concentrations  of  sodium  ions 
occur  close  to  the  reaction  site  within  the  opal  reaction  zones  in  these 
specimens,  and  as  a result  of  these  local  high  concentrations  some  calcium 
ions  must  be  removed  from  solution*^.  The  analyses  of  specimens  5 and  6 in 
particular  show  very  high  concentrations  of  calcium  at  the  edge  of  the 
reaction  zone  and  this  insoluble  calcium  phase  may  form  a physical  barrier 
to  the  further  movement  of  alkalies  towards  the  reaction  site  thus  provid- 
ing an  explanation  for  the  reduced  reactivity  of  specimens  containing  high 
alkali  concentrations  of  this  type. 
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A53 TRACT 

Solvent  migration  is  considered  as  an  alternative  to  diffusion  for  the 
transport  of  material  towards  reactive  silicate  fragments.  Cement 
paste  is  viewed  as  being  composed  of  an  inert  phase  and  a mobile 
phase.  The  former  includes  the  cement  hydrates  and  sulphates  and  the 
latter  consists  of  excess  water  and  more  soluble  elements  such  as  the 
al/.alies  though  the  precise  location  of  particular  ingredients  is 
likely  to  vary  from  time  to  time  in  the  evolution  cf  the  concrete. 
Migration  of  the  mobile  phase  follows  the  release  of  hygroscopic 
silicon  into  the  paste  surrounding  reactive  aggregate  fragments  and 
the  flow  of  the  mobile  phase  effects  a chromatographic  transfer  of 
ions  in  the  direction  of  flow.  The  position  of  bancs  of  high  con- 
centranicn  of  mobile  ions  depends  upon  the  distribution  coefficients 
of  the  species  between  the  inert  and  mobile  phases.  Alkalies  are 
concentrated  into  the  mobile  phase  and  are  therefore  transmitted 
with  the  solvent  front.  The  position  of  this  alkali  front  is  depend- 
ent on  the  mass  ratio  of  the  mobile  to  the  inert  phases;  the  higher 
this  ratio  the  closer  is  the  peak  concentration  of  the  alkalies  to  the 
aqueous  front.  The  height  of  this  peak  is  directly  proportional  to 
the  mass  of  alkali  in  the  cement  system.  Formulae  are  given  that 
describe  the  possible  form  of  the  distribution  of  concentration  along 
the  length  of  the  flow  in  the  most  simple  circumstances . These  ferm-- 
lae  are  applied  in  approximation  to  the  aggregate-cement  reaction  ani 
it  is  shown  that  the  estimated  curves  are  of  similar  dimensions  to 
those  found  experimentally.  The  process  of  solvent  migration  may 
also  take  place  in  other  deleterious  reactions  such  as  alkali-carbor.- 
ate  reaction  and  reinforcement  corrosion.  It  is  suggested  that 
simple  tests  may  be  developed  permitting  the  detection  of  the  prop- 
ensity of  aggregate  for  creating  the  solvent  flow.  Prevention  of  this 
flow  is  germinal-  to  the  prevention  of  reaction  and  if  solvent  migrat- 
ion is  of  significance  then  the  single  most  important  factor  in 
reducing  reactivity  will  be  reduction  of  excess  water. 


Introduction 

This  paper  puts  forvard  a tentative  model  for  alkali-aggregate 
reaction  which  may  account  for  so=:e  of  the  complexities  of  the  reaction 
zones.  The  model  leads  to  suggestions  for  tests  f*or  reactivity  and  should 
itself  be  capable  of  test.  Tr.e  paper  owes  much  to  the  symposiun  volume 
from  last  years  meeting  in  Iceland  and  also  rests  in  part  on  experiments 
carried  out  more  recently  by  the  author^  colleagues  A.B.  Poole  and  A, Baker, 
who  have  examined  the  chemical  variations  found  around  opal  and  'non-reac- 
tive* quartz  in  expcrinental  concretes. 

A basic  problem  presented  by  both  this  new  data  and  that  given  for 
example  by  Thaulow  and  Knudser.  il)  is  the  complexity  of  elemental  distribu- 
tion in  the  reaction  zones.  Zven  in  simplified  experimental  concretes 
with  regularly  shaped  aggregate  pieces  the  distribution  of  alkalies,  for 
example,  may  be  discontinuous  and  in  some  parts  of  the  gel  zones  there  may 
be  no  alkali  while  nearby  the  concentration  may  be  nearly  two  orders  of 
magnitude  greater  than  that  x-c-u-ni  in  the  paste.  It  is  common  to  appeal  to 
some  kind  of  diffusion  process  to  account  for  this  accumulation  of  ions  in 
the  vicinity  of  the  aggregate  and  this  is  epitomised  by  stateme.nts  made  by 
Vivian  (2)  that  for  alKali-sxlicate  reactivity  to  occur  hydroxyl  and  metal 
ions  have  to  diffuse  to  the  silica  surface  and  that  the  slow  rate  of 
accumulation  of  reaction  products  is  attributable  to  the  slow  rate  of  ion 
diffusion.  This  diffusion  process  is  selective  in  being  able  to  pick  out 
specific  aggregate  particles  for  reaction.  Shells  develop  around  certain 
reactive  fragments  even  where  these  are  but  a small  fraction  of  the 
aggregate.  How  then  do  the  hydroxyl  and  metal  ions  choose  the  right 
fragment?  Vhat  is  the  drive  for  this  diffusive  process? 

In  general  the  water  and  alkali  concentrations  in  the  gel  zones 
may  reach  very  high  levels  and  the  gels  may  locally  become  as  high  as  3 or 
in  alkalies.  At  these  hign  scots  the  concentration  is  then  several 
times  that  found  in  the  pore  fluia  of  the  cement  (3,^)  and  several  times 
again  that  of  the  original  cement.  The  diffusion  of  alkalies  is  thus 
creating  a concentration  gradient  u?  which  further  ions  must  climb. 

This  may  perhaps  suggest  that  tne  material  being  formed  is  energetically 
more  stable  than  the  starting  materials  and  that  the  gelatinous  reaction 
product  is  analogous  with  a new  cr'/stalline  phase  appearing  as  the  result 
of  reaction  between  less  stable  solids  or  liquids.  It  is  obviously  not 
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possible  to  argue  that  diffusion  is  directed  by  a concentration  gradient 
for  the  levels  achieved  in  the  reaction  zone  are  greater  than  those  in  the 
environnent.  Nor  can  a temperature  gradient  be  postulated  and  paradoxic- 
ally diffusion  is  occurring  against  a growing  pressure.  Moreover  diffusion 
generated  'ey  chemical  potential  gradients  ca/iT.ot  provide  discontinuities  or 
platea’iX  in  the  distributions  of  the  chemical  potentials  and,  unless  there 
are  temperature  or  pressure  discontinuities  the  concentrations  cannot  be 
discontinuous  either  (5).  Further,  diffusion  concentration  profiles  are 
ususJLly  of  gaussian  cr  high  order  binomial  form  and  in  general  they  will 
shev  different  species  migrating  in  different  directions.  The  diffusion 
model  cannot  therefore  readily  account  for  the  variability  in  composition 
of  the  reaction  zones.  Some  of  this  variability  may  of  course  be  analy- 
tical but  there  is  sufficient  evidence  now  available  to  justify  the 
belief  that  the  compositional  variations  are  real. 

An  alternative  to  the  diffusion  model  is  that  of  solvent  migration. 
This  is  directly  analogous  with  chromatography  in  that  what  is  required  is 
an  inert  phase  through  which  a solvent  can  migrate;  a mobile  phase  able 
to  reach  local  ea.uilibri-un  with  the  inert  jjhase;  and  a mechanism  for 
causing  the  mobile  phase  to  migrate  through  the  inert.  For  the  present 
reaction  tne  stable  cement  hydrates  and  sulphates  constitute  the  inert 
phase  and  the  aqueous  fluid  of  the  interstices  of  the  cement  paste  is  the 
mobile  phase.  This  aqueous  fluid  then  largely  corresponds  with  the  water 
in  excess  of  t.hat  required  by  stoichiometry  for  the  cement  hydrates  and 
is  largely  held  within  pores,  attached  loosely  to  the  surfaces  of  the 
solid  materials  or  dispersed  through  paste  gels.  The  composition  of  this 
hydrous  phase  is  likely  to  vary  considerably  throughout  the  developjient 
of  the  concrete  but  will  evidently  hold  much  of  the  alkali  content  of  the 
paste. 

Undoubtedly  in  alkali-silicate  reaction  water  and  alkalies  migrate 
to  the  aggregate  but  the  cause  of  the  migration  is  less  readily  identified. 
The  migration  of  ior.s  to  specific  aggregate  fragments  (and  not  to  others) 
shows  that  it  is  the  aggregate  itself  which  controls  or  causes  the  motion 
of  iens.  The  alkalies  and  vatcr  must  of  course  be  present  but  the  initia- 
tion and  probably  the  rate  of  the  reaction  must  be  governed  by  specific 
properties  of  the  aggregate.  Experiments  with  opal  have  shown  that  the 
gel  is  produced  almost  wholly  within  the  aggregate  and  that  as  well  as  the 
water  and  alkalies,  magnesium  and  calcium  may  also  penetrate  into  the  opal. 
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It  is  also  veil  loiovn  that  the  aggregates  have  relatively  high  solubility 
in  alkaline  fluids  compared  vith  more  stable  material  (6),  and  it  could 
be  argued  that  it  is  this  solubility  that  controls  the  reactivity.  The 
solubility  will  be  influenced  by  many  factors  but  for  each  aggregate  the 
result  will  be  that  silicon  atoms  are  released  into  the  surrounding  paste 
and  into  pores  within  the  aggregate.  It  is  therefore  possible  that  the 
slow  release  of  hygroscopic  silicon  atoms  creates  the  necessary  attraction 
for  the  hydrous  mobile  phase  of  the  paste.  Other  ions  are  then  released 
into  the  reaction  zone  as  a consequence  of  this  flow,  and  it  is  important 
that  this  mechanism  collects  the  transported  ionic  species  into  sharply 
defined  bands  which  may  achieve  very  high  concentration.  The  precise 
form  of  the  distribution  of  concentration  will  depend  on  the  adsorption 
isotherm  of  the  system  but  it  is  shown  below  that  it  is  possible  to  esti- 
mate the  expected  forms  of  the  zones  for  simple  ’ideal'  systems.  In  gen- 
eral, the  profile  of  these  solute-rich  bands  is  roughly  gaussian  with  the 
flow  mechanism  tending  to  concentrate  the  solute  into  a very  narrow  band 
while  the  developing  concentration  contrast  induces  diffusion  away  from 
the  position  of  maximum  concentration. 

Hence  the  essence  of  the  present  proposal  is  that  reactive 
aggregate  slowly  produces  by  diffusion  a high  concentration  of  silicon 
atoms  in  its  environment.  This  creates  an  attraction  for  the  water  of 
the  paste  and  causes  this  pore  fluid  to  migrate  slowly  towards  the 
aggregate.  Soluble  ions  are  carried  in  the  flowing  fluid  to  produce 
sharply  defined  zones  of  high  concentration  near  the  aggregate  fragments 
or  within  their  decay  products.  The  formation  of  first  silica  gel  euid 
then  alkali-silicate  gel  continues  to  promote  the  influx  of  water  and 
hence  additional  alkalies.  This  process  goes  on  until  the  gel  becomes 
mobile  and  in  fact  leaves  the  site  of  generation.  The  formation  of  the 
alkali-silicate  gel  does  not  itself  inhibit  reaction  because,  as  experi- 
ments made  by  the  author  and  A.  Baker  have  shown,  aggregates  such  as  opal 
are  appreciably  soluble  in  sodium  silicate  gel.  Movement  of  the  gel  away 
from  the  source  of  silicon  may  then  permit  reverse  migrations,  for,  the 
high  concentrations  of  alkalies  and  water  reached  in  the  gels  may  induce 
solvent  flow  into  the  paste.  Kew  alkali  fronts  may  therefore  be  expected 
in  the  inert  phase  surrounding  the  moved  gel. 
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figure  1.  Scheaatic  r*=presentation  of  alkali-silicate  reaction  in  term 
of  solvent  nigration.  Concentration  profiles  are  given  with 
concentration  increasing  upwards. 
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lualitative  Aspects  of  Solvent  Migration  in  Concrete 


Discussion  of  the  application  of  solvent  migration  to  concretes  is 
facilitated  by  figure  1.  Before  reaction  commences  a simple  boundary  sur- 
face exists  between  the  paste  and  the  aggregate  (fig.  lA).  The  aggregate 
boundary  is  represented  as  a plane  and  the  paste  is  considered  to  have  the 
two  phases  mentioned  above.  The  inert  phase  includes  the  growing  calcium 
silicate  hydrates  and  soon  acquires  all  the  sulphate  and  available  calcium 
(7).  Considerable  space  exists  between  the  growing  hydrate  phases  and  in 
this  accumulates  the  residual  water.  f-?uch  of  this  water  is  presumably 
adsorbed  onto  the  surfaces  of  solids  and  is  dispersed  through  gels.  It  is 
evident  that  the  alkalies  are  concentrated  into  this  phase  (7)  though  much 
of  the  alkali  content  may  itself  be  adsorbed  with  the  water  on  the  surfaces 
of  the  crystallites.  Vor  this  reason  it  nay  be  quite  difficult  to  deter- 
mine the  position  of  these  elements  even  with  the  eiectron-microprobe. 

It  is  also  likely  that  much  of  the  movement  of  these  soluble  ions  occurs 
in  this  surface  layer.  All  elements  must  be  distributed  between  the  two 
phases  of  the  paste  and  distribution  coefficients  should  be  definable  for 
each  ion  and  for  each  in  the  presence  of  the  others,  ihe  data  available 
at  present  does  not  allcv  these  coefficients  to  be  calculated  but  it  is 
evident  that  Si,  A1  and  Ca  are  ov-erwheiningly  concentrated  into  the  inert 
phase  for  much  of  the  tine  during  which  the  alkali-silicate  reaction  takes 
place.  Conversely,  N’a,  K,  Li  and  perhaps  1-Ig  are  dominantly  in  the  mobile 
phase.  The  situation  of  Fe  nay  vary  considerably  according  to  the  pH  and 
the  oxidation  potential  of  the  system  and  in  relatively  reducing  condit- 
ions it  is  likely  that  the  Fe  will  enter  the  mobile  phase.  Inter-elemental 
effects  may  change  the  equilibria  of  even  the  alkalies  and  calciiim  and  it 
is  likely  for  example  that  high  chloride  concentrations  nay  influence 
cation  distribution  coefficients. 
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After  a period  measureable  in  days,  months  or  even  years,  the 
planar  initial  boundary  between  the  aggregate  ani  paste  is  replaced  by  a 
zone  of  reaction  which  includes,  some  of  the  aggregate  and  that  part  of 
the  paste  that  has  contributed  material  to  the  reaction.  The  latter  nay 
not  be  noticeably  changed  except  close  to  the  aggregate,  for  water  and 
ions  that  have  moved  into  the  aggregate  may  be  made  up  by  transfer  from 
the  much  larger  reservoir  of  paste  surrounding  the  reaction  zone  (fig.  IB) 
The  concentration  gradients  to  be  expected  in  a simple  model  involving 
solvent  migration  are  illustrated  in  fig.  1C.  The  direction  of  motion 
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of  the  atonic  and  molecular  species  are  indicated  by  arrows.  3ilica  diff- 
uses from  the  aggregate  against  the  aqueous  flow  and  nay  be  expected  to 
show  a gaussian  concentration  profile  slightly  modified  by  the  influence 
of  the  flowing  aqueous  phase.  If  Si  were  to  be  released  from  the  inert 
into  the  fluid  phase  in  abundance  at  any  stage  during  the  reaction  it  is 
likely  that  a silicon-rich  band  would  be  produced  farther  from  the  aggreg- 
ate surface.  The  movement  of  the  silicon  away  from  the  aggregate  is  here 
presumed  to  cause  the  aqueous  flow  and  w.-iter  will  therefore  show  a concen- 
tration profile  with  a maximum  within  the  zone  of  reaction.  Golutes  such 
as  Ka  and  K are  cc.ncentrated  into  narrow  bands  of  gaussian  form  at  some 
position  along  the  path  through  which  flow  has  taken  place.  The  precise 
position  and  form  of  these  bands  depends  on  the  relevant  distribution 
coefficients,  the  forms  of  the  adsorption  isotherms  and  the  total  amount 
of  each  element  and  ur.combined  water  available.  The  curves  given  in 
fig.  1C  are  similar  to  those  found  in  experimental  concretes  but  it  is 
to  be  expected  that  gel  nobility,  particularly  in  real  concretes  will 
distort  the  concentration  gradients  considerably.  A further  complication 
is  that  there  is  little  information  available  concerning  the  rates  of 
flow  of  the  aqueous  fluid.  It  is  to  te  expected  that  this  must  be  very 
slow  indeed,  a condition  that  will  lead  to  the  formation  of  sharp  concen- 
tration bands  and  he.tce  very  high  localised  ccncentraticns . ;{owever,  if 
the  rate  of  motion  changes  with  tine  or  the  flow  rate  varies  with  direc- 
tion, the  form  and  position  of  the  migrating  fronts  will  be  complicated 
and  lead  to  lateral  discontinuities  in  concentration. 


Quantification  of  Solvent  Migration 


If  it  can  be  assumed  that  the  adsorption  isotherm  for  the  inert 
and  mobile  phases  of  the  paste  is  linear  then  relatively  simple  formulae 
describe  the  form  of  the  distribution  of  ions  in  the  flowing  fluid. 

Thus  if  the  distribution  coefficient  for  component  'i'  between  the  two 
phases  is  K.  then 


= Cra”/v“)/(nf/V^)  and  K.v”/V®  = m“/m= 

■*•11  1 l'  1 


If  the  ratio  of  the  volumes  of  inert  and  mobile  phases  are  fixed  then 
ra./m?  is  a constant  which  is  here  termed  'r'.  If  the  mobile  phase  is 
allowed  to  flow  through  a distance  of  N units  of  length  then,  the  (n+1)'^^ 
unit  of  length  will  contain  the  fraction 

(N;r")/(n:(N-n)!(l+r)”)  . .1 

of  the  total  mass  of  a given  mobile  element  (8).  If  this  mass  in  the 
(n+1)  unit  is  'w'  then 

log  w = log  N!  - log  (N-n)!  - log  n!  + n log  r - !l  log  Cl+r)  ..2 

This  expression  can  be  differentiated  for  constant  total  mass  of 
component  'i'  and  constant  N and  r to  give  the  number  of  units  of  length 
from  the  origin  for  which  the  concentration  is  a maximum.  If  this 
maximum  is  the  (R+l)^'*  unit  of  length  then 

R = Nr/(l+r)  .3 

The  ratio  of  the  distance  moved  by  the  solute  to  the  distance  moved  by 
the  solvent  is  then  'R^.'  where, 

Rj.  = r/(l+r)  = n/!f  = n.h.a/V™  ,.l) 

where  h is  the  unit  of  length  and  v“  is  the  total  volume  of  fluid  to 
have  passed  through  an  area  of  cross  section  a.  The  whole  form  of  the 
distribution  of  an  element  can  be  obtained  from  these  expressions  but  the 
width  of  the  concentration  band  can  be  more  simply  '"i  om  the 

empirical  formula 

H = l6n^/w^ 

where  w is  the  width  of  the  band  and  n the  number  of  length  units  at 
which  maximum  concentration  occurs. 

If  the  form  of  the  adsorption  isotherm  is  not  linear  the  fora 
of  the  solute-rich  band  may  be  changed  considerably  (5).  Also  since  the 
value  is  dependent  on  then  the  position  of  maximum  concentration 
will  change  if  changes.  However,  from  h it  is  evident  that  a very 
considerable  change  in  is  required  to  cause  substantial  difference 
in  the  position  of  this  niaxiraun. 
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to  an  A1 kali-Silicato  Rea c t ion 


TT^e  data  rrcuired  to  calculate  the  form  of  the  solvent  migration 
fronts  are  not  yet  available  for  the  concrete  system.  There  is  informa- 
tion on  the  concentration  of  alkalies  in  the  aq.ueous  paste  of  the  set 
paste  (7)  but  the  arcunt  of  water  in  mobile  phase  is  not  Known  find  hence 
the  distribution  coefficient  for  the  alkalies  cannot  be  found.  However 
if  arbitary  values  are  assumed  for  the  ratio  of  masses  of  mobile  to 
inert  phases  ani  a fixed  value  of  0.7M  is  assumed  (10)  for  the  concentra- 
tion of  aiXalies  in  the  mobile  phase  and  O.IM  for  the  whole  cement  system 
then  car.  te  for  various  mass  ratios  m“* /m^ . Possible  values  of 

*r'  can  then  be  plotted  against  the  mass  ratio  if  estimations  are  made  of 
the  densities  of  the  mobile  and  inert  phases  (fig.  ?A).  This  graph  shows 
the  way  in  which  r approaches  infinity  as  the  mass  ratio  of  the  two  phases 
increases;  reflecting  the  condition  that  ail  the  alkali  is  then  in  the 


mctile  phase.  Val-es  of  are  then  plotted  against  m /m  in  fig.  2B 
vhic.h  shows  that  = kCR^.^  + PR^)  where  k is  a constant.  It  is 

evident  that  as  the  fraction  of  the  mobile  phase  increases  so  the  solute 
front  approaches  the  solvent  front,  and  the  position  ct  which  high  alkali 
concentration  is  attained  in  the  area  of  reaction  is  depe.ndent  on  the 
pr:tcrtion  of  excess  voter  in  the  mix.  With  high  levels  of  excess  water 
the  alkalies  will  become  concentrated  close  to  the  aqueous  front  while 
with  low  levels  of  surplus  water,  and  hence  R^,  the  alkali  front  will  be 
more  likely  to  remain  in  the  paste  and  outside  the  area  of  potential  gel 
fcrmaticn.  With  little  or  no  excess  water  there  will  be  no  flow  and  the 
alkah.ies  will  re.main  stationary.  The  assumptions  made  for  the  densities 
of  inert  ar.d  motile  theses  are  2 and  1 respectively  but  the  selection  of 
different  values  for  t:-sse  densities  will  not  change  the  form  of  the 
curves  though  the  cc.tstent  for  the  curve  in  fig.  2B  will  change.  No 
attempt  has  been  .made  to  refine  these  relationships  further  since  it  is 
ir.te.nded  to  illustrate  only  the  kind  of  relationship  that  might  be  found 
in  concretes  per.di.ng  the  aquisition  of  more  satisfactory  data. 


Further  illustrations  of  the  properties  of  solvent  migration  in 
concretes  can  be  made  by  treating  experimental  data,  such  as  the  analyti 
cal  data  give.t  by  Tr.aulow  and  Knudeen  (l),  to  show  the  possible  form  of 
concentration  gradients  to  be  expected.  From  this  data  the  experimental 
concentratio.n-distance  curves  have  been  drav.71  {fig.  3A),  In  fig.  3B 
are  given  the  curves  expected  from  the  solvent  migration  model  for  the 


given  bn  t. 


the  width 


vidth  of  gel  obser\*ed  experimentally  and  the  quantity  of  water  found  to  be 
transferred  into  the  reaction  zqne.  It  is  reasonable  to  assume  that  all 
the  water  now  in  the  gel  has  been  transferred  from  the  paste  and  hence, 
given  an  estimate  of  the  volume  percentage  of  mobile  phase  in  the  paste, 
the  width  of  the  r^ste  zone  required  to  provide  the  necessary  water  can 
be  estimated.  Here,  the  volume  fraction  of  the  mobile  phase  can  be 
estimated  at  about  C.33  and  the  total  volume  fraction  of  water  in  the  gel 
zone  is  about  0.3.  This  means  that  since  the  gel  width  is  about  l^OMm 
then  the  width  of  paste  required  to  supply  the  water  was  about  135Pra 
and  the  total  width  of  the  reaction  zone  was  about  2b%a.  The  effective 


Effective  limit  of 
reoction  zone 


Figure  2 (left).  Illustrative  plots  of  the  variation  of  'r'  and  *R^' 
with  the  ratio  of  the  mass  of  the  mobile  phase  to  the  inert. 

Figure  3 (above).  Comparison  between  experimental  and  calculated  (B) 
concentration  gradients  in  alkali-silicate  reaction. 


r 


distance  travelled  by  the  water  front  is  however  best  set  by  conridering 
the  maximun  in  the  water  conccr.tration-distance  curve.  This  is  expected 
to  be  about  midway  through  the  gel  zone.  Hence  the  total  effective 
length  of  flow  may  have  beer:  about  SlCpm.  With  an  assumed  value  of 

of  about  0.26,  ccrrespcr.dir.g  with  the  estimated  volume  percentage 
of  the  mobile  phase,  the  value  would  have  been  about  0.7  and  the 
distance  of  the  alkali  ccr.cer.tration  maximum  from  the  effective  starting 
surface  in  the  paste  wo*uld  be  about  lU5Mm  and  from  equation  5 the  width 
of  the  band  would  have  been  about  ^0’*^m. 


The  exploration  of  approximations  can  be  taken  further  by  applying 
the  full  expression  given  a'oeve  (equation  2)  to  find  the  concentration 
levels  of  the  alkalies  to  be  expected  in  the  gel  zone.  The  mobile  fluid 
will  have  initially  about  2^  weight  of  alkalies  (as  .^a-equivalent ) , and 
this  will  be  extracted  to  a maximum  concentration  of  about  2.7^ 
equivalent  by  weight  in  the  z-r.e  of  enrichment  in  the  gel.  This  compares 
with  the  experimental  value  of  2.,o%  Nag^-equivalent  and  is  obviously  of 
the  correct  order;  especially  when  allowance  is  made  for  the  considerable 
kurtosis  which  the  experimental  water  concentration  profile  show’s  in 
comparison  with  the  estimatei.  This  flattening  of  the  ’water  distribution 
curve  would  also  be  expected  to  apply  to  the  alkali  distribution. 

The  assumptions  and  approximations  used  in  this  analysis  are  not  too 
unreal  for  the  present  experimental  system  and  the  resemblance  between 
the  estimated  and  observed  alkali  concentration  curves  suggests  that  the 
model  may  deser*/e  further  exploration  in  the  light  of  further  data. 


Conclusions 


It  is  concluded  that  sir.ee  experimental  observations  indicate 
that  water  migrates  to  the  site  of  alkali-silicate  reaction  and  that  the 
distribution  of  alkalies  is  discontinuous,  then  solvent  migration  may  be 
considered  as  a po.ssible  mechanism  for  the  transfer  of  material. 
Estimations  based  cn  the  fcrm.U.ae  normally  taken  to  describe  the  effects 
of  solvent  migration  show  sufficiently  good  agreement  with  the  expeA- 
mental  curves  to  suggest  that  the  search  for  further  data  relating  to 
the  distribution  of  ions  betw^sr.  the  inert  and  mobile  phases  would  be 
justified.  It  is  to  be  expected  that  if  the  process  applies  to  alkali- 
silicate  reactivity  it  may  play  a part  in  other  processes.  Alkali- 
carbonate  reactivity,  for  example,  cay  be  initiated  by  flow  towards 


hj'groscopic  a<;gregate  fragments  where  the  active  ingredient  may  be  an 
expansive  clay  or  a highly  porous  but  slowly  permeable  carbonate. 
Perhaps  also  the  transfer  of  material  in  iron  reinforcement  corrosion 
problems,  where  iron  is  deposited  on  surfaces  or  in  porous  aggregate 
fragments,  nay  also  involve  solvent  migration. 


The  detailed  distribution  of  elements  around  alkali-silicate 
fragments  will  depend  on  the  shapes  of  the  fragments#  Sharp  edges  and 
corners  will  show  the  most  rapid  accumulation  of  gel  and  the  highest 
concentration  of  alkaJ les  while  concave  surfaces  would  be  expected  to 
have  narrower  reaction  rims.  The  increase  in  alkali  in  the  reaction 
zone  would  erJiance  the  solubility  of  the  silicate  aggregate  and  release 
of  silicon  into  the  reaction  zone  and  thence  the  quantity  of  water  to 
migrate  towards  the  reaction  zone.  A chain  reaction  can  therefore  be 
established  which  is  inhibited  only  by  the  growing  pressure  and  the 
availability  of  water.  The  total  width  of  the  reaction  zone  should 
therefore  depend  on  the  quantity  of  water  available  and  the  concentration 
of  alkalies  in  that  aqueous  phase. 


The  motion  of  the  aqueous  phase  towards  the  aggregate  would  be 
expected  to  change  the  equilibria  that  exist  between  the  mobile  and  inert 
phases.  The  production  of  a zone  in  the  paste  which  is  rich  in  alkalies, 
for  example,  night  well  modify  the  solubility  of  Ca,  Si,  Ai  and  I-5g  in 
the  aqueous  phase.  The  possibility  exists  that  while  Mg,  say,  becomes 
less  soluble  with  the  progress  of  reaction,  Ca,  Si  and  Al  may  become 
more  soluble.  These  elements  may  therefore  become  mobile  and  move  with 
the  alkal.i  front  to  enter  the  zone  of  reaction.  It  seems  not  impossible 
therefore  that  the  silica  of  the  reaction  zone  is  derived  from  both  the 
paste  and  the  aggregate.  Some  of  the  results  obtained  by  A.B.  Poole 
(personal  communication)  strongly  suggests  that  this  is  so  and  that  both 
Al  and  Ca  can  form  bands  of  high  concentration  near  the  paste  gel 
interface. 


If  the  process  of  solvent  migration  is  of  importance  it  should 
lead  to  the  construction  of  tests  for  reactivity.  A strong  dye  for 
example  that  is  highly  soluble  in  the  aqueous  phase  would  be  expected  to 
migrate  with  the  water  and  should  show  up  the  movement  and  allow  the 
rate  of  flow  to  be  measured.  In  addition  it  is  apparent  that  if  water 
flow  does  control  the  extent  to  which  reaction  takes  place  then  the 
single  most  important  factor  in  limiting  potential  reactivity  will  be 


tLe  reduction  of  excess  va^er  to  the  lowest  possible  levels,  i-'ailing 
that,  it  may  be  possible  to  prevent  migration  by  the  use  of  additives. 
Hither  a highily  soluble  acaitive  may  be  used  that  passivates  the  aggregate 
surface  or  a hygroscopic  material  may  be  dispersed  throughout  the  paste. 
The  latter  would  be  eq.uivalent  to  the  addition  of  a pozzolana  and  perhaps 
a suitable  additive  might  be  dried  sodiimi  silicate. 
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THE  IDENTIFICATION  OF  OPAL  AND  CHALCEDON"/  IN  ROCKS 
AND  METHODS  OF  ESTIMATING  THE  QUANTITIES  PRESENT 


H G Midgley 

Building  Research  Establishment 


ABSTRACT 

Opal  and  chalcedony  are  alkali-aggregate  reactive  minerals  which  when 
present  in  aggregates  used  in  concrete  may  give  rise  to  disruptive 
expansion.  Opal  and  chalcedony  mixtures  in  a form  known  as  beekite 
have  been  found  as  secondary  minerals  in  a suite  of  igneous  rocks 
including  granites,  diorites,  acid  volcanic  rhyolites  and  ultra  mafic 
mica  trapps,  as  a secondary  mineral  in  a mixed  suite  of  rocks  from  a 
gravel  and  opal  as  secondary  material  in  limestones. 

The  quantities  of  beekite  present  in  concrete  cores  from  a structure 
and  from  samples  of  the  aggregate  used,  have  been  determined  by  micro- 
scopic techniques  using  very  large  thin  sections. 

It  has  been  shown  that  for  rocks  of  similar  porosities  the  expansion 
of  concrete  can  be  related  to  the  proportion  of  opal  present;  the 
lower  the  porosity  the  greater  the  expansion.  However  there  may  be 
circumstances  when  after  an  increase  in  expansion  with  increasing  opal 
content  there  may  be  a decrease  in  expansion  with  further  increases  in 
opal  content. 
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Introduction 


The  most  alkali-aggregate  reactive  form  of  silica  is  opal;  chalcedony,  which 
is  also  pure  SiO^,  is  less  reactive  and  leads  to  smaller  expansion.  Both  of 
these  minerals  are  extremely  rare  in  igneous  rocks  and  are  then  only  present 
as  secondary  minerals. 


Examples  of  opal  and  chalcedony  in  rocks  from  concrete  structures  which 
showed  signs  of  movement,  crazing  and  gel  'pop-outs*  characteristic  of 
alkali-aggregate  interaction  have  been  studied.  Petrographic  examination 
of  the  aggregates  from  the  concrete  showed  them  to  be  a mixture  of  igneous 
rocks  in  two  examples,  granites,  diorites,  ultra  mafic  hyperbys.  ■*1  mica 
trapps  and  devicrified  rhyolites  being  identified  and  of  limestone  in  the 
third.  Petrographic  examinations  have  also  been  made  on  a fourth  series 
of  rocks  which  have  not  been  used  as  concrete  aggregates. 

Since  the  expansion  of  the  concrete  may  be  related  to  the  quantities  of 
the  reactive  minerals  (1),  it  was  necessary  to  estimate  the  quantities  of 
opal  and  chalcedony  present.  Petrographic  microscopic  techniques  using 
large  thin  sections  were  used  for  this  determination. 

Identification  of  Reactive  Minerals  in  the  Aggregate 

Pieces  of  aggregate  associated  with  typical  surface  gel  (Figure  1)  were 
removed  from  a concrete  core  from  an  affected  concrete  structure  and 
subjected  to  petrographic  examination.  Opal  and  chalcedony  mixtures  in  a 
form  known  as  beekite  were  identified.  Opal  occurs  as  an  isotropic 
material  of  low  refractive  index,  n about  1.44.  Chalcedony  is  often 
associated  with  the  opal,  it  has  a low  birefingence  about  0.009, 
refractive  index  n8  about  1,537. 


Thin  sections  were  also  prepared  from  pieces  of  the  aggregate  used  in  the 
manufacture  of  the  concrete  and  opal  and  chalcedony  were  identified  as 
being  present  in  the  follovring  rock  types:  granite,  diorite,  microgranitc , 
brecciated  felsitc,  porphyritic  rhyolite  and  rhyolite.  The  opal  and 
chalcedony  which  was  always  clearly  secondary,  occurred  as  vermicular 
growths  (Figure  2),  as  massive  material  with  globular  opal  set  in  clear 
chalcedony  (Figure  3),  This  form  of  an  intimate  mixture  of  opal  and 
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chalcedony  has  becor.)e  known  as  beckite  although  the  name  originally 
referred  to  a sedimentary  chert  from  the  Devonian  limestones  of  Devon. 

C-uanti tative  Estimation  of  Reactive  Silica  Minerals 

Since  the  expansion  of  concrete  is  related  to  the  amount  of  reactive 
mineral  present  some  means  of  quantifying  the  proportion  present  in  the 
aggregate  is  required. 


Large  thin  sections  about  30  micrometers  thick  and  about  210  x 100  mm  or 
150  X 80  were  prepared  from  either  concrete  cores  or  from  a melange  of 
quartered  cc'-t.  single  sized  pieces  of  aggregate,  4 mm  average  diameter 
(Figures  4 5 respectively). 

These  large  thin  sections  were  then  searched  on  a low  power  polarizing 
microscope  macnif ication  xl3,  for  any  suspect  grains  which  were  then  marked. 
On  cOTiplct:?r.  of  the  search  the  section  was  transferred  to  a normal 
petrographic  “icroscepe  and  the  marked  grain  examined  more  closely  (Figure  6) 
If  beekite  found  then  the  proportion  present  in  the  grain  was 
estimated  by  area  measurement.  For  this  work  it  is  assumed  that  the  area 
is  directly  proportional  to  the  volume  and  that  since  the  densities  of  the 
materials  are  similar  the  volume  is  proportional  to  the  weight. 
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For  concrece  ceres  the  paste  proportion  was  determined  as  20%  so  that  after 
the  area  cf  beekite  in  the  thin  section  was  determined  it  was  adjusted  to 
allow  for  the  paste  present. 
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For  the  aggregate  sample  examined,  all  diorite,  the  slice  contained  about 

2 

750  grains,  average  size  16  mm  . 

Using  the  area  proportioning  technique  of  examining  large  thin  sections 
the  proporcicr.  of  beekite  in  the  core  was  determined  as  0.025%  and  in  the 
aggregate  sample  as  0.0035%. 
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TABLE  I 


Expansion  at  140  Weeks  of  Low  Quality  Mortar  Bars  giade 
with  Aggregate  Containing  Varying  Quantities  of  Opal 


Expansion  as  percentage  of  length 
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(0,70%)  (1.2%) 


New  expericH 
about  3%  vhi 
The  expans  it 
specificatic 


These  results  show  that  for  the  low  alkali  cement  the  expansion  increases 
vith  increasing  opal  contenty  but  with  the  high  alkali  cement  the  mortar 
bar  expansion  increases  vith  increasing  opal  content  up  to  about  1,25% 
opal  and  then  decreases  as  the  opal  content  is  further  increased. 


M- 
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Mortar  bars  were  cade  by  Jones  and  Tarleton  using  an  inert  basalt  as  a 
diluent  and  the  results  of  expansion  at  I year  when  compared  with  opal 
content  ate  given  in  Table  2.  The  results  are  plotted  together  in  Figure  8 


Expansion  in  Percent  of  Length  of  Poor  Quality  Mortar 
Bars  at  I Year  (Cement  contains  1.2  Per  Cent  Combined  Alkalies) 
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Mew  experiments  have  also  been  carried  out  on  granitic  rocks,  porosity 
about  3Z  which  were  estimated  to  contain  various  quantities  of  beekite. 
The  expansion  at  I year  using  mortar  bars  made  to  the  Jones  and  Tarleton 
specification  are  given  in  Table  3. 


Expansion  in  Percent  of  Length  of  Poor  Quality  Mortar 
Bars  at  1 Year  (Cecent  contains  1.2  Per  Cent  Combined  Alkalies) 
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These  have  also  been  plotted 

as  a combined  graph  in  Figu 

The  effect  of  porosity  of  the  opal  bearing  rocks  can  be  seen  by  comparing 
the  results  of  the  porous  malmstone  (porosity  41.3%,  0.23Z  opal,  expansion 
0.042%)  with  the  results  from  Siliceous  magnesium  limestone  (porosity  6%, 
0.3%  opal,  expansion  0.42%).  The  highly  porous  malmstone  had,  for  a 
similar  quantity  of  opal  only  one  tenth  of  the  expansion  of  the  less  porous 
limestone.  The  probable  explanation  for  this  is  that  the  sodium  silicate 
gel  which  is  the  expansive  agent  is  absorbed  in  the  pores  of  the  highly 
porous  rock  and  is  not  available  for  expansion.  For  the  aggregates  of 
lower  porosities,  all  the  results  of  expansion  with  similar  mortar  bars  show 
a similar  relationship  and  may  be  plotted  on  one  graph.  Figure  8. 

Conclusions 

Opal  and  chalcedony  have  been  identified  as  secondary  minerals  in  igneous 
rocks.  The  quantities  of  these  minerals  may  be  estimated  by  area 
measurement  of  thin  sections  of  either  concrete  or  aggregate  particles. 

If  the  rocks  have  similar  porosities,  then  the  expansion  of  mortars  made 
with  similar  cements  of  high  alkali  contents  will  be  related  to  the 
quantities  of  reactive  silica  present. 
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ABSTRACT 

Tlie  identification  of  potentially  reactive  aggregates  is  a very 
responsible  and  one  of  the  most  difficult  task  of  a petrographer. 
To  establish  the  alkali  reactivity  of  silicate  rocks  proves  to  be 
especially  complicated  because  of  the  great  number  of  rocks  which 
may  be  reactive.  Three  examples  of  alkali  reactive  rocks  from 
deteriorated  concrete  structures  are  described.  The  aggregates 
are:  quartz  arenite,  quartz  wacke  and  argillaceous  quartz  wacke, 
and  distinctly  deformed  dacite.  The  problems  in  identifying  the 
reactive  varieties  of  these  rocks  especially  In  bulk  aggregate 
samples  are  emphasized. 


PETROGRAPHIC  INVESTIGATION  OF  ALKALI- REACTIVE 
SILICATE  ROCKS  IN  SEVERAL  STRUCTURES 


r 


Petrographic  examination  is  one  of  the  Important  techniques  for 
identifying  rocks  that  are  potentially  alkali  reactive  when  used  in  portland 
cement  concrete.  The  petrographic  identification  of  alkali  reactive  rocks 
is  based  on  a knowledge  of,  or  direct  comparison  with,  rocks  that  are  proven 
to  be  alkali  reactive,  ft  is  generally  recognized  that  the  petrographer 
cannot  predict  that  a rock  will  be  reactive  if  there  is  no  previous  record 
of  reactivity  for  that  particular  type  of  rock.  It  is  well  to  understand 
that  a petrographic  examination  by  itself  Is  not  an  absolute  assurance 
against  the  inclusion  of  alkali  reactive  material  in  portland  cement 
concrete. 

The  petrographic  identification  of  alkali  reactive  rocks  and 
varieties  suspected  of  being  alkali  reactive  Is  based  on  examination  to 
determine  the  composition  and  texture  of  rocks  and  on  the  identification  of 
the  products  of  alkali-aggregate  reactions.  For  the  siliceous  reactive 
rocks,  the  reaction  products  are  the  rims  and  silica  gel  which  are  formed 
when  reactive  aggregates  are  incorporated  in  concrete.  The  presence  of 
alkali  reactive  aggregates  in  concrete  can  also  be  confirmed  by  Identifi- 
cation of  physical  effects  associated  with  reactivity;  the  expansion 
primarily  of  the  aggregates  and  subsequently  of  the  concrete.  The  closing 
of  joints,  disalignment  of  structural  elements,  misalignment  of  machine 
sets,  cracking  of  Che  aggregates  and  the  cement  paste,  pattern  cracking 
of  the  concrete  surface  and  general  disintegration  of  the  concrete  are 
evidence  of  Che  expansion. 

This  paper  is  a discussion  of  the  difficulties  and  uncertainties 
faced  by  the  petrographer  in  identifying  alkali-reactive  silicate  rocks 
or  silicate  rocks  suspected  of  being  alkali  reactive.  The  purpose  of 
emphasizing  the  problems  and  difficulties  is  to  encourage  further  work 
and  perhaps  help  to  point  out  the  direction  in  which  further  work  and 
answers  are  urgently  needed. 

Methods  of  "Routine”  Petrographic  Analysis 

The  main  petrographic  method  for  identifying  alkali  reactive  rocks 
is  by  careful  examination  of  the  composition  and  texture  of  the  rocks  and 
by  comparing  rocks  with  others  that  are  known  to  be  alkali  reactive.  The 
basic  guidelines  for  petrographic  examinations  are  given  in  the  ASTM 
Designation  C295.  The  new  proposed  "Standard  RecoTnmended  Practice  for 
Petrographic  Examination  of  Hardened  Concrete"  ASTM  Designation  C ( ?) 
provides  a method  for  the  examination  of  aggregates  in  concrete.  Many 
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excellent  papers  by  various  authors  such  as  K.  and  3.  Mather  ( e.g.ll  ) 
and  R.  Mlelenr  (e,g.l2  ) describe  detailed  petrographic  methods 

applicable  to  concrete  aggregates  and  concrete.  Detailed  petrographic 
examinations  of  alkali  reactive  rocks  In  Canada  was  made  by  GlXlott, 
Swenson  and  Duncan  ( J6,  17,  7). 

Difficulties  in  Identification  of  Reactive  Silicate 
Aggregates  in  Concrete 

As  mentioned,  the  basis  for  petrographic  identification  of  reactive 
aggregates  are  concrete  structures  which  show  distress  typical  for  alkali 
reactive  aggregates:  dark  rims  on  crushed  aggregate  particles  are 

frequently  the  first  features  observed,  gel  as  the  product  of  reactivity, 
characteristic  expansion  cracks  in  the  reactive  particle  extending  Into 
the  cement  paste  and  pattern  cracking  on  the  surface  of  a concrete.  In 
addition,  proof  cf  reactivity  requires  that  the  aggregate  has  been  used 
with  high  alkali  cement  in  a concrete  exposed  to  a moist  environment.  If 
these  conditions  were  not  fulfilled,  an  erroneous  conclusion  could  be  made 
that  an  aggregate  is  not  reactive.  Although  cracking  and  reactive 
expansion  are  t>*pical  signs  of  reactivity,  similar  cracking  may  be  caused 
by  other  factors  such  as  freezing  and  thawing. 

When  examining  single  aggregate  particles,  the  weathering  rims  that 
occur  in  natural  sands  and  gravels  may  be  mistaken  for  the  secondary  dark 
rims  that  are  a positive  indication  of  alkali-aggregate  reaction.  If  both 
gravel  and  crushed  rock  have  been  used  together  in  a concrete,  then  it  is 
necessary  to  examine  the  rims  on  crushed  particles  only. 

The  presence  of  silica  gel  is  usually  considered  to  be  the  best 
proof  that  alkali-silica  reactive  aggregate  is  present  in  a concrete. 
Difficulty  in  detecting  and  identifying  silica  gel  may  occur  for  various 
reasons  such  as  (a)  unsatisfactory  sampling  of  the  concrete,  (b)  the 
silica  gel  may  be  partially  crystallized  and  complex  due  to  repeated  gel 
formation,  (c)  it  ray  be  ’’contaminated"  with  various  oxides  and  therefore 
cay  not  have  the  same  appearance  as  the  classical  isotropic  gel,  (d)  it 
cay  be  coated  with  other  products,  (e)  it  may  be  leached  out.  In  thin 
sections,  gel  cay  be  lost  during  the  preparation  of  the  thin  section  if 
insufficient  care  has  been  taken  to  preserve  it. 

Incorrect  sampling  may  cause  difficulty  in  determining  the  most 
reactive  rock  or  variety  In  an  aggregate;  this  applies  especially  for 
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multillthic  aggregates.  It  Is  frequently  difficult  to  establish  which 
particle  originated  the  gel  on  the  surface  of  a crack.  Secondary  pro- 
ducts such  as  calcice  or  ettrlngite  or  both,  which  may  also  be  developed 
on  cracks  opened  and  enlarged  by  reactive  aggregates,  may  cover  the  silica 
gel.  Calcite  cay  be  present  as  a crust  on  the  gel,  as  small  prisms  or 
as  minute  rhoebohedrons.  Ettrlngite  may  be  present  as  long  fibres  In- 
dicating that  it  developed  in  a fairly  open  crack.  Gel  is  not  always 
easily  identifiable  and  many  mounted  sections  of  the  secondary  products 
may  have  to  be  exajcined  to  make  an  appropriate  judgement  about  the  extent 
of  alkali  ceaccivity. 

Examples  of  Alkali  Reactive  Silicate  Rocks  in  Concrete 

Silicate  rocks  which  are  alkali  reactive  may  occur  in  various 
compositional  or  textural  varieties  or  both.  Precise  determlruition  of 
the  variety  of  a rock  that  Is  reactive  is  often  difficult  because  it  has 
been  proven  tliat  for  most  rocks,  similar  or  pctrographically  equal 
varieties  may  be  either  innocuous  or  reactive  to  varying  degrees.  This 
has  been  experienced  with  silicate  rocks  from  the  Canadian  Shield  (5  ) 

and  it  can  be  assumed  that  it  applies  to  varieties  of  sandstones  and  an 
acid  volcanic  rock  which  were  examined  recently.  Tliese  rocks  were  used 
as  aggregates  in  large  concrete  structures  which  required  repeated  ex- 
tensive repair.  Parcs  of  the  structures  showed  pattern  cracking  varying 
in  intensity  at  different  locations.  Distinct  cracking  parallel  to  the 
edges  and  outer  surfaces  indicated  deterioration  '^ue  to  frost  action.  The 
concrete  in  each  structure  contained  gel  and  additional  secondary  products 
consisting  of  abundant  calcite  and  various  amounts  of  ettrlngite.  The 
three  aggregates  are  described  In  the  following  detail. 

Example  1 

Coarse  and  fine  aggregates  consist  of  quartz  arenite  (ortho- 
quartzite),  very  subordinate  calcltlc  quartz  wacke  and  some  blending 
sand  (?), 

Concrete  containing  these  aggregates  was  used  In  a lift  bridge,  in 
a hydraulic  lock  and  In  a hydro-electric  generating  station.  Of  the  three 
aggregates  discussed  in  this  paper,  this  aggregate  causes  the  greatest 
problems.  Disalignment  necessitates  repeated  repair.  The  concrete  shows 
pattern  cracking,  in  some  areas  with  a well  developed  large  pattern  of 
wider  cracks  enclosing  a smaller  pattern  with  narrower  cracks. 
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Example  1:  Quartz  Ar^-nlte 


xtent 


Quartz  wackc  with  calcitic  cement 
(65x),  T.S.  crossed  nicols 


Cracked  quartz  grains  in  arenite 
(65x),  T.S.  crossed  nicols 


Quartz  arenite  with  fine- 
grained quartz  and  clay  inter- 
stices (62x),  T.S.  crossed  nicols 


Figure  1 shows  the  coarse  and  fine  aggregate  particles  in  the  con- 
crete with  cracks  crossing  the  aggregates  and  extending  along  the 
aggregate-cement  paste  paste  interfaces  into  the  cement  paste.  The 
aggregate  rock  is  whitish  to  greyish,  less  frequently  slightly  brownish. 
A narrow  rim  <0.3  r*n  In  the  average),  usually  one  or  two  quartz  grains 
deep,  is  developed  in  most  particles.  The  border  of  the  rim  toward  the 
inside  of  the  aggreate  is  gradational.  Gel  occurs  in  cracks  but  is  lost 
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during  chin  section  preparation. 

The  aggregate  is  a uniform  quartz  arenite  according  to  the 
classification  by  Pettijohn,  Potter  and  Siever  (i4  ),  with  rounded  to 
sub rounded,  well  sorted  to  moderately  well  sorted  quartz  grains.  They 
are  mostly  cemented  by  overgrown  silica,  far  less  frequently  with 
secondary  calclte  (FIG.  2)  or  clayey  material.  The  size  of  Che  quartz 
grains  varies  In  different  particles,  the  most  frequent  size  is  0.25  mm. 
Rare  particles  contain  stripes  of  much  smaller  grains  (FIG.  3).  The 
quartz  grains  are  usually  homogeneous  (sec  FIG.  2 and  3 taken  with 
crossed  nicols).  Few  grains  show  slight  undulatory  extinction  with  an 
extinction  range  angle  (ER  angle)  of  13°  and  an  undulatory  extinction 
angle  (UE  angle)  of  30°  ( 6);  grains  with  an  ER  angle  of  26°  and  an  UE 
angle  of  53°  are  exceptions.  Cracking  of  larger  quartz  grains  is  frequent 
in  some  areas  (FIG.  4)  but  few  are  broken  into  smaller  pieces  or  are 
separated  into  small  grains  by  the  calclte  cement. 

In  general  petrographic  terms,  the  rock  is  uniform  as  are  most  of  the 
quartz  grains.  Based  on  the  composition  and  texture  one  would  net  predict 
this  to  be  a highly  expansive  rock.  The  border  lines  between  the  original 
quartz  grains  and  the  later  growth  indicates  that  lattice  irregularities 
may  occur  the'‘e.  Calclte  indentations  into  the  quartz  grains  occur  along 
portions  of  the  interface  between  the  cementing  calclte  and  many  quartz 
grains. 

About  20  years  ago,  petrographic  examinations  were  done  on  samples 
of  crushed  coarse  aggregate  and  manufactured  sand,  obtained  from  a quarry 
which  supplied  aggregate  for  a portion  of  the  structures.  Megascopic  and 
microscopic  examinations  shoved  that  the  aggregates  were  of  the  same  kind 
as  those  in  the  concrete  examined  recently.  The  quartz  arenite  consisted 
mostly  of  fine  to  oiedlum  quartz  grains  and  a few  varieties  contained  layers 
rich  in  coarse  sand.  The  cement,  10  to  20  percent,  was  formed  by  secondary 
overgrowth  of  quartz.  In  patches  it  was  calcitlc  or  consisted  of  clayey 
material.  In  25  thin  sections  used  in  the  previous  and  recent  examinations, 
the  clayey  material  did  not  amount  to  5 percent  of  the  rock  by  estimation. 
The  carbonates  amounted  to  l.l  percent  in  the  fractions  of  manufactured 
sand  indicating  that  calcltic  cement  was  rare.  At  this  time,  the  alkali 
reactivity  of  the  rock  was  net  recognized  and  there  w*as  no  obvious  cracking 
in  the  concrete  which,  at  that  time,  was  about  20  years  old.  This  would 
Indicate  that  the  quartz  arenite  belongs  to  the  group  of  slow  expanders. 
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Example  2 

The  coarse  concrete  aggregate  consists  of  crushed  sandstones 
grading  to  siltstcr.e  and  sliale  or  orthoquartzite. and  gravel  consisting 
predominately  of  these  rocks  and  subordinately  carbonate  rocks.  The  fine 
aggregate  Is  a natural  sand  of  the  sane  composition  as  the  gravel  with 
nonoxaincral  grains  prevailing  in  the  finer  fractions. 


FIC.  5 


FIG.  7 


Argillaceous  vatic  with  dark 
argillaceous  concentrations 
showing  crack  (65x)  T.S.  cross- 
ed ntcols 


Quartz  vacke  grading  to  arenite 
with  mica  scales  at  quartz  bord- 
ers (65x)  T.S.  crossed  nlcols 


Hed  argillaceous  wacke  and  greenish  quartz 
vacke  both  with  rims  and  cracks  (0.9Ax) 


Segrega 
and  c 


Unifom 
quartz  } 
OBSS  (3 


The  40  year  old  concrete  used  in  hydraulic  locks  and  bridges  show 
extensive  cracking,  scaling  and  spalling  and  typical  pattern  cracking  in 
some  locations.  Many  coarse  aggregate  and  several  particles  of  the  coarse 
sand  fraction  show  dark  rims  measuring  1 to  4 mm.  In  width  with  little 
variation  in  a given  particle  (FIG.  3). 

Secondary  products  are  very  abundant  in  the  outer  areas  of  the 
concrete  but  decrease  toward  the  inner  ends  of  the  3 to  8 foot  long  drill 
cores  which  were  examined  in  detail.  The  products  consist  of  silica  gel 
and  abundant  deposits  of  relatively  compact  calcite  and  fluffy  ettringite 
developed  in  cracks  and  voids. 

The  coarse  aggregate  consists  mainly  of  two  varieties  of  sandstones, 
a reddish  argillaceous  wacke  grading  into  silts  tones  and  even  shales  and  a 
somewhat  less  frequent  greenish  quartz  wacke  grading  into  quartz  arenlte^ 
Both  varieties  may  be  developed  in  the  same  concrete  particle.  The  reddish 
wacke  is  usually  finer  grained  (0.07  mm.  In  one  thin  section),  the  grains 
are  angular  to  subangular,  than  the  greenish  wackes  (FIG.  6 and  7).  The 
reddish  rock  also  contains  a more  abundant  matrix  consisting  of  hematite 
and  clay  minerals.  It  may  contain  narrow  layers  richer  in  the  clayey 
matrix  or  even  small  argillaceous  lenses.  Particles  of  the  reddish  dis- 
tinctly argillaceous  sandstone  and  especially  the  argillaceous  lenses  are 
prone  to  cracking  parallel  to  Che  layering  (see  FIG.  6).  The  rims  and  gel 
deposits  along  the  rims  in  the  wacke  show  that  the  variety  Is  definitely 
reactive.  Although  no  data  of  the  exact  amount  of  clay-grade  constituents 
are  available,  the  rock  seems  to  have  some  similarity  to  the  alkali  re- 
active subgraywacke  from  Alert,  Elleswere  Island,  examined  in  detail 
by  Gillocc  and  Swenson  ( 8 ).  The  presence  of  gel  in  this  rock  seems 
however  to  Indicate  that  also  in  this  wacke  quartz  Is  Involved  in  the 
reaction. 

The  greenish  wacke  consists  of  angular  to  subrounded  uniform 
quartz  grains,  much  less  abundant  feldspar  grains  and  a scarce  clayey 
matrix.  The  quartz  grains  measure  about  0.20  cm.  In  size  and  show  frequent 
quartz  overgrowth.  This  variety  of  the  sandstones  with  some  similarity  to 
quartz  arcnltes  Is  also  reactive  forming  reaction  rimS  with  gel  deposits. 

Example  3 

Coarse  aggregate  crushed  distinctly  deformed  daclce.  Fine  aggre- 
gate natural  sand  with  fragments  of  the  crushed  volcanic  rock  in  the 
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Exar^ple  3:  Distinctly  Defonr.ed  Dac i te 
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FIG.  10 

Uniform  plagioclasc  and  strained 
quartz  in  fine  grained  ground- 
a&ss  (35x)  T.S.  crossed  nlcols. 


yiG.  11 


Branching  crack  with  gel  and 
desiccating  cracks  in  tnicro- 
crystallinc  groundmass  (78x) 
T.S,  polar. light. 


Uniferm  cryptocrystalline 
groundmass  (65x).  T.S. 
crossed  nicols. 


Segregation  of  cracked  aggregates 
and  cer.er.t  paste.  Life  size. 


coarse  "sand"  fractions. 

The  concrete  is  used  In  a bridge  which  shows  distinct  cracking  in 
the  piers  and  typical  pattern  cracking  in  the  sidewalks.  The  coarse 
aggregate  particles  shoved  narrow  rims,  0.1  to  0.9  mni.  in  thickness 
(FIG.  8).  Gel  and  calclte  deposits  were  abundant  on  cracks  and  in  air 
voids  in  some  concrete  pieces  but  were  scarce  in  other  pieces  that  were 
available  for  examination. 

The  coarse  particles  are  very  heterogeneous  but  consist  of  one  rock 
type  only  which  is  a dacite  with  well  developed  large  phenocrysts  twinned 
plagioclase  (subordinate  potash  feldspars)  and  quartz. 

The  groundmass  consists  of  quartz,  feldspar,  mica  and  locally  of 
chlorite  scales.  The  micas  are  aligned  in  some  areas  giving  the  rock  a 
slightly  schistose  appearance.  The  size  of  the  constituents  varies 
greatly.  It  Is  most  frequently  mlcrocrystalline,  In  small  areas  homo- 
geneous cr>'ptocrystalline,  with  an  average  grain  size  less  than  0.01  ran. 
(FIG.  9),  in  other  areas  it  is  fine  crystalline. 

The  ©ost  characteristic  feature  of  the.  rock  Is  the  distinct  deform- 
ation, which  increases  its  heterogeneity.  It  is  least  evident  in  the 
feldspar  phenocrysts  which  show  a patchy  extinction  or  they  are  broken  into 
several  pieces.  The  cracks  do  not  always  follow  cleavage  planes.  Quartz 
phenocrysts  show  a distinct  wavy  extinction  (FIG,  10)  and  cracks  separating 
them  into  smaller  grains.  The  average  ER  angle  is  7°  and  the  UE  angle  30*^. 
Shearing  planes  and  microf oldlng  are  visible  in  the  groundmass.  Lenses 
and  accumulations  of  muscovite  scales  represent  what  seems  to  be  former 
maflcs.  Aggregations  of  quartz  coarser  than  the  groundmass  are  developed 
in  the  shadows  of  the  feldspar  and  quartz  phenocrysts.  Some  quartz  ©ay 
have  been  introduced  later  as  were  pyrite  grains  which  are  disseminated 
in  sorae  particles.  Calclte  occurs  in  rare  patches.  Distinct  cracks  are 
developed  in  the  concrete  aggregates.  They  follow  the  ©lea  rows  but  also 
cross  the  groundmass  irregularly.  In  two  thin  sections  gel  was  preserved 
in  the  cracks,  in  both  instances  in  areas  of  the  groundmass  (FIG.  11). 

Unsolved  Problems 

Detailed  examination  with  the  petrographic  microscope  and  some 
x-ray  analysis  left  cany  pertinent  questions  unasvered.  Rims  were  not 
easily  detectable  under  the  petrographic  microscope.  Normal  optical 
methods  did  not  show  identifiable  signs  of  reaction  such  as  surface 
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indentation  on  medium  or  coarse  quartz  grains.  In  the  quartz  arenlte. 

It  could  not  be  determined  if  only  the  snail  quartz  grains  and  the  portloriS 
of  quartz  overgrowth  were  alkali  reactive  or  if  the  mtdlum  and  coarse 
quartz  grains  were  also  reactive.  It  is  hard  not  to  assume  the  latter, 
although  signs  of  lattice  disturbance  were  rare  and  no  imperfections  were 
evident.  It  was  not  determined  whether  the  rare  calcitic  quartz  vacke 
varieties  were  reactive.  Alkali  reactive  quartzites  (quartz  arenites) 
involving  coarsely  crystalline  quartz  have  been  reported  from  other 
areas  (3,7). 

In  the  second  example  of  wackes  and  arenlte.  It  could  not  he 
determined  if  the  quartz  grains  or  the  matrix  are  reactive  or  both. 

The  amount  of  argillaceous  material  that  must  be  present  in  sandstones 
(wackes)  and  slltstones  to  make  them  unreactlve  was  not  determined.  The 
silty  shales  present  In  Che  concrete  areas  where  gel  occurred  on  sand- 
stones shoved  only  cracks  parallel  to  Che  fissiliCy  and  no  development  of 
gel  although  the  silt  grains  were  apparently  minute  quartz  grains. 

The  distinctly  deformed  and  devltrlfied  dacite  presents  special 
problems.  It  is  known  that  a devltrlfied  groundmass  of  acid  volcanlcs  is 
alkali  reactive.  Cracks  in  the  cryptocrystalline  (grain  size  less  than 
0.01  mia  (13))  and  microcrystalline  groundmass  are  filled  with  gel.  Some 
cracks  occur  within  mica-rich  lenses  but  traverse  the  mica  llneatlon  In 
areas  with  fewer  micas.  This  rock  is  secondarily  altered  but  judging  from 
the  presence  of  cracks  and  gel  the  alteration  has  not  significantly 
diminished  the  reaction,  if  it  has  influenced  it  at  all.  The  extent  to 
which  this  would  apply  to  other  rocks  Is  not  known. 

Some  of  these  questions  might  be  answered  by  modern  scanning 
electron  methods  which  provide  micrographs  (16,8  ) x^i'ay  element 

distribution  photographs  (l$.  The  former  is  more  and  more  widely  used  In 
investigations  of  alkali  reactive  aggregates. 

Examination  of  Rock  Specimens  and 
Bulk  Aggregate  Samples 

It  Is  much  easier  to  determine  the  reactive  silicate  rocks  in 
concrete  petrographically  than  to  assess  the  potential  reactivity  of  an 
outcrop  or  a quarry.  It  is  even  more  difficult  to  determine  the  reactivity 
of  bulk  aggregate  samples  from  multlllthic  pits.  An  exceptionally  large 
number  of  particles  would  have  to  be  examined  in  thin  sections  or  mounted 


powder  sections  to  establish  reactivity  if  only  about  2 percent  of  the  rocks 
were  reactive.  Sone  rocks  cause  deterioration  of  concrete  at  this  con- 
centration. 
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or  carbon. 


Far  too  little  experience  is  yet  available  to  Identify  In  bulk 
aggregate  samples  reactive  granitic  rocks,  charnckltes  and  granite 
gneisses  (l9,9  ) ^ few  of  which  are  described  as  being  alkali  reactive 
although  strained  quartz  may  give  some  indication  (18,6  ).  It  would  be 
unjustifiable  to  classify  all  granitic  rocks  and  granitic  gneisses  as  sus 
pected  of  being  alkali  reactive  on  the  basis  of  the  few  reported  alkali 
reactive  examples  when  the  same  rocks  have  been  widely  used  in  concrete 
without  causing  distress.  The  tixamples  from  India  indicate  that  the  con- 
crete was  exposed  to  higher  temperatures  than  are  normal  in  moderate 
climates . 
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It  has  to  be  repeated  that  without  examination  of  concrete 
structures  containing  similar  aggregate  and/or  adequate  laboratory  tests 
petrographic  examinations  cannot  establish  whether  an  aggregate  without  a 
service  record  Is  pctentially  alkali  reactive.  Concrete  structures  made 
with  an  aggregate  which  can  be  identified  with  sufficient  degree  of  exact' 
ness  oust  be  available.  There  arc  newly  developed  areas  in  which 
no  concrete  structures  are  yet  built.  The  same  or  identical  rocks 
submitted  for  petrographic  exaininaCion  have  to  be  tested  for  expansion 
before  It  can  be  concluded  that  the  aggregate  source  contains  potentially 
reactive  material.  The  examination  of  expansion  in  rock  cylinders  ASTM 
C586  gives  an  important  clue  to  which  varieties  are  expansive.  The  test 
of  rocks  in  easily  prepared  small  prisms  (1-1/8"  by  1/8"  by  1/4"  or 
approxlir.ately  30  x 3 x 6 cm)  proposed  by  Grattan-Bellew  and  Litvan  ( 10) 
Is  promlssing.  Relatively  small  gravel  pieces  could  be  tested. 


General  Petrogr&rhlc  Questions  Regarding  Alkali  Reactive 


Silicate  Rocks 


reactive?  What  Is  the  role  of  an  argillaceous  matrix  containing  quartz 
in  silt  or  clay  size?  In  these  cases,  are  the  amounts  too  low  to 
influence  the  degree  of  reactivity  of  the  main  constituent  of  a silicate 
or  carbonate  rock?  Should  it  be  assumed  that  quartz  is  the  most  important 
and  abundant  constituent  in  devltrified  volcanic  glass?  How  coarse  must 
be  the  groundmass  in  an  acid  porphyritic  rock,  a type  of  felslte,  to  prevent 
it  from  being  reactive?  How  does  metamorphlc  alteration  influence 
volcanlcs?  Vfhat  Is  the  Influence  of  chalcedonlc  chert  Inclusions  on  the 
reactivity  of  carbonate  rocks?  These  are  some  of  the  questions  connected 
with  the  aggregate  rocks  discussed  In  this  paper. 

Conclusion 

The  petrographer  when  examining  concrete  aggregates  for  alkali 
reactivity  deals  with  two  different  problems: 

1)  to  determine  whether  a concrete  Is  prematurely  deteriorated 
because  It  contains  alkali  reactive  aggregates  and 

2)  to  determine  whether  an  aggregate  source  is  potentially 
alkali  reactive. 

Detailed  examination  of  deteriorated  concrete  containing  alkali 
reactive  aggregates  helps  to  become  better  acquainted  with  some  varieties 
of  the  numerous  silicate  rocks  which  are  alkali  reactive. 
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Standard  method  of  test  for  potential  alkali  reactivity  of  carbonate 
rocks  for  concrete  aggregates  (rock  cylinder  method),  ASTM  Book  of 
Standards  14  (C586  ) 
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CONTH-LBUTIOJJS  TO  DISCUSSIO:^ 


fcxperier.Ce  has  been  similar  in  that  while  I have  seen  reaction 
risis  arcur.i  a^regates  in  fracture  surface  I have  not  always  been 
able  to  see  the  same  rims  in  thin  section.  In  one  particular  case, 
of  a pyroxene  andesite  which  consisted  of  more  than  C0%  reactive 
glass,  I considered  that  such  a large  area  of  surface  was  available 
for  reaction  that  at  any  one  point  on  the  surface  of  the  aggregate 
reaction  had  net  proceeded  to  the  point  where  it  was  visible  in  thin 
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Evidence  cf  alkali  silica  reaction  is  sometimes  visible  only  as  rims 
on  crushed  stone  and  as  "main  cracks"  as  described  by  Gunnar  Idorn 
and  excellently  illustrated  in  two  diagrams  in  his  book.  These 
illustraticns  are  of  great  value  to  all  petrographers. 


.ike  to  add  further  comments  to  the-  discussion  by  K.  Mather 
•chlem  of  observing  gel  in  sections  and  polished  slabs,  etc. 

. was  male  that  during  the  course  of  time  gel  may  get  washed 
comment  is  that  gel  may  get  washed  out  as  one  tests  a gel 
. from  concrete  made  with  reactive  aggregate  and  high  alkali 
.ve  shown.  At  least  ^0%  of  the  gel  is  readily  soluble  in 
.e  hulk  cf  the  remainder  being  soluble  in  dilute  HCl. 
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ALKALI  REACTION  TESTS 
WITH  SOUND  AGGRF.OATE 


Hcinz-G.  Smolczyk 
Forschungsinstitut 
Eisenhiittcnschlackcn , 
BRD 


ABSTRACT 

Sound  aggregates  like  sand  and  gravel  of  quartz  without 
flint  or  opaline  material  have  never  been  the  cause  of  any 
troul'le  in  normal  concrete  structures  in  Germany  even  if 
cements  with  high  alkali  contents  were  involved.  On  the 
other  hand,  this  does  not  necessarily  have  to  moan  that 
each  sound  aggregate  cannot  react  with  the  alkalies  of  the 
pore  solution.  Several  experts  have  already  indicated  that 
nearly  all  aggregates  can  react,  at  least  under  extreme 
experimental  conditions. 

This  phenomenon  was  investigated  applying  mortar  tests 
with  normal  sound  quartz  aggregate.  The  extreme  conditions 
were;  High  cement  content,  lov;  w/c^ratio,  very  high 
humidity,  and  a temperature  of  40  “c.  13  cements  with 
alkali  contents  from  0,5  to  1,2  vjt  % were  tested  over  a 
period  of  12  months. 

The  expansions  of  low  alkali  cements  wore  very  much  lower 
than  in  Pyrex  mortarbar  tests.  Portland  cements  with 
^ 0,6  % alkali  (Na^O-equivalents ) caused  only  e.xpansions 
-<0,4  mm/m,  Portland  cements  with  >•  1,0  % alkali,  however, 
produced  expansions  > 1 mm/m.  All  the  expansions  of  the 
slag  cements  with  >■  40  % slag  were  -<;0,4  mm/m.  The  influ- 
ence of  the  granulated  slag  was  very  nearly  the  same  as 
in  Pyrex  mortarbar  tests. 
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Introduction 


It  is  a wellknown  and  fully  accepted  experience  that 
in  Germany  destructive  alkali  silica  reaction  never  occurcd 
in  normal  concrete  structures  if  low  alkali  cements  (PZ-NA 
or  HOZ-NA)  had  been  used  or  if  the  aggregate  contained  only 
sand  and  gravel  of  quartz  without  reactive  flint  and  without 
opaline  material  (1). 


On  the  other  hand,  it  is  also  wellknown  that  in  labo 
ratory  tests  the  expansion  of  low  alkali  cements  can  easily 
go  up  to  1,5  mm/m  if  pyrex  glas  aggregate  is  applied  (2). 
Regarding  the  reactivity  of  different  natural  aggregates 
several  experts  have  already  indicated  that  almost  all  aggre- 
gates can  react,  at  least  under  extreme  experimental  condi- 
tions (4,5,6)  . 
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For  better  understanding  of  these  phenomena  all  the 
other  parameters  which  are  necessary  for  alkali  silica  reaktion 
or  which  increase  its  effect  have  to  be  taken  into  considera- 
tion, i.  e.  high  relative  humidity,  elevated  temperature, 
high  cement  content,  low  w/c  ratio,  pessimum  grading  of  the 
aggregate. 


The  purpose  of  many  laboratory  investigations  and 
especially  of  mortarbar  tests  is  very  often  only  to  classify 
a cement,  an  additive,  or  an  aggregate.  In  these  cases  all  the 
remaining  parameters  arc  usually  applied  in  extreme  combina- 
tions which  can  never  occur  in  a concrete  structure  - at  least 
not  in  Germany.  Under  such  very  special  experimental  condi- 
tions even  low  alkali  cements  can  expand  distinctly  with 
reactive  aggregates,  or  high  alkali  cements  can  react  with 
aggregates  otherwise  known  as  sound.  That  way  it  is  even 
possible  to  force  clean  quartz  aggregate  to  a weak  but  measur- 
able alkali  aggregate  reaction. 


Experimental  Procedure 


The  expansion  of  mortarbars  4 x 4 x 16  cm  with  steel 
gage  studs  on  each  end  was  measured  monthly  over  a period  of 
12  months.  The  prisms  were  demoulded  after  one  day  and  then 
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TABLE  2 


like  cua 


This  table  shows  distinct  expansions  up  to  more  than 
1 niiii/m  even  though  only  quartz  aggregate  had  been  used.  More- 
over it  provides  another  proof  of  the  wellknown  experience 
that  blastfurnace  slag  in  cements  reduces  the  reaction  to 
very  low  degrees  even  if  the  alkali  content  of  the  blast- 
furnace slag  ce.ment  exceeds  1 wt-%  (3,7,8). 

The  quantitative  statistical  evaluation  of  the  results 
received  in  this  special  experiment  leads  to  the  formula 

Ag  = 0,826  . A . (1  - ”/100)J  ^ + 0,165  (1) 

.A  Q=  expansion  after  12  months  in  mm/m 

A : Na20-equivalents  in  wt-% 

H : content  of  granulated  blastfurnace  slag 

of  the  cements  in  wt-% 

The  coefficient  of  correlation  of  equ . (1)  is  r^  = 99,0  %. 
That  means  that  an  exact  calculation  of  the  influences  of 
alkali  and  blastfurnace  slag  is  possible.  Tab.  2 shov;s  the 
results  of  this  calculation 
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Calculated  Expansion  of  .Mortarbars 
with  Quartz  Aggregate  in  mm/ra 


equivalent  (A) 


content  of  granulated  slag  (H)  in  wt-% 


in  wt-% 

0 

25 

50 

75 

0,0 

0,3 

0,17 
0, 1 9 

0,17 

0,17 

o o 

0,17 

0,17 

0,6 

0,34 

0,24 

0,19 

0,17 

0,9 

0,77 

0,42 

0,24 

0,17 

1,2 

1,59 

0,77 

0,19 

1 ,5 

2,95 

1 ,34 

0,21 

Tab.  2 is  valid  only  for  this  special  mortarbar 
experiment.  It  is  likely  that  the  term  + 0,165  nun/m  in 
equ.  (1)  is  only  an  experimental  constant  which  is  not  due 
to  alkali  silica  reaction.  That  would  mean  that  all  the 
calculated  values  of  Tab.  2 should  bo  dirainuished  by  0,17ram/m 
if  the  alkali  reaction  only  shall  be  taken  into  consideration. 
In  this  case  low  alkali  cements  would  create  alkali  expan- 
sions of  ^0,2  mm/m  and  high  alkali  cements  would  produce 
alkali  expansions  up  to  more  than  1 mm/m  under  these  experi- 
mental conditions. 

In  any  case  the  influence  of  the  granulated  slag  is 
very  nearly  the  same  as  in  pyrex  mortarbar  tests:  Blastfur- 
nace slag  cements  v/ith  50  wt-%  slag  and  1,2  wt-%  alkali  react 
like  Portland  cements  with  0,6  wt-%  alkali,  and  blastfurnace 
slag  cements  with  75  wt-%  slag  create  little  if  any  expansion. 

Conclusion 

If  the  experimental  conditions  of  accelerated  labora- 
tory tests  are  powerful  and  sophisticated  enough,  it  is 
likely  that  almost  all  Si02  containing  aggregates  can  be 
forced  to  a reaction  with  concentrated  alkali  solutions 
even  those  which  would  never  be  harmfull  to  a concrete.  When 
such  laboratory  tests  are  applied,  it  is  therefore  necessary 
to  compare  the  results  of  an  unknown  material  with  the 
results  of  a familiar  reference  material  that  was  tested 
exactly  the  same  way.  As  far  as  the  northern  part  of  Europe 
is  concerned  a comprehensive  research  work  on  natural  aggre- 
gates has  been  done  in  Denmark  and  in  Germany  (1,9)  and  the 
difference  between  harmful  and  innocuous, material  of  this 
area  is  wellknown.  After  all,  if  the  unknown  aggregate  behaves 
like  quartz  it  cannot  possibly  be  classified  as  deleterious. 
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TESTING  CANADIAN  AGGREGATES  EOR  ALKAU  EXPANSIVITY 


P.n.  Grattan-Bol lew  and  G.G.  Litvan 
Division  of  Building  Research,  National  Research  Council  of  Canada 
Ottawa,  Canada.  KIA  0R6 


ABSTRACT 


The  applications  of  the  chemical  test  ASTM  C289,  the  mortar  bar  test 
C227,  a modification  of  it,  the  rock  prism  test,  and  the  rock 
cylinder  test  C586  to  selected  Canadian  aggregates  are  discussed. 

The  chemical  test  C2B9  is  shown  to  be  unsatisfactory.  The  concrete 
prism  test  proved  to  be  the  most  satisfactory,  but  it  took  up  to  two 
years  to  obtain  results  and  its  use  is  therefore  impractical  in  many 
instances.  A new  accelerated  test  is  proposed--The  Rock  Prism  Test-- 
a modified  form  of  ASTM  C586.  Thin  prisms  of  rock  are  vacuum 
saturated  in  alkali  and  the  length  change  with  time  is  recorded; 
results  are  obtained  in  about  three  months.  Tests  on  similar  rocks 
by  the  rock  cylinder  method  C586  took  up  to  two  years.  The  new  test 
would  be  useful  for  preliminary  screening  of^  potential  aggregates  to 
determine  which  would  need  further  testing  by  the  mortar  bar  or 
concrete  prism  methods. 


Introduction 


Canadian  aggregates  generally  perform  quite  satisfactorily  but  there 
iiavc  been  a number  of  reports  of  alkali-reactivity  from  various  parts  of 
the  country.  (The  broad  physiographic  regions  of  Canada  are  show*n  in 
FIG.  1.)  In  the  Western  Cordilleran  Region  and  on  the  Prairies  cases  of 
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Map  of  Canada  showing  the  physiographic  regions  (from 
Geology  and  Economic  Minerals  of  Canada,  GSC,  1970) 


alkali-silica  reactivity  due  to  the  presence  of  cherts  and  opaline  silica 
in  gravels  are  on  record.  Some  impure  dolomitic  limestones  from  the 
St.  Lawrence  lowlands  are  alkali-carbonate  reactive  (Dolar-Mantuani  (1,2) 
Swenson  and  Gillott  (3),  Gillott  and  Swenson  (4)).  In  the  Appalachian  and 
Shield  areas,  precambrian  granites,  volcanics,  schists,  greywackes  and 
quartzites  are  the  most  common  rock  types.  Studies  of  the  alkali 
reactivity  of  these  rocks  have  been  carried  out  by  Dolar-Mantuani  (5), 
Duncan  et  al  (6),  and  Gillott  et  al  (7)  This  paper  deals  with  the 
alkali-silicate  reactivity  of  rocks  from  the  Canadian  Shield  and  the 
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Appalachian  regions. 

Glacial  and  fliivo-glacial  gravels  and  sands  are  found  overlying  the 
bedrock  in  r.any  regions  but  the  deposits  are  usually  quite  localized. 
The*^e  gravels  are  a r..ajor  source  of  aggregate  but  a variety  of  crushed 
rocks  are  also  used. 

Raw  material  for  cement  is  found  in  most  regions  of  Canada  and  cement 
plants  are  located  adjacent  to  large  urban  centres.  The  composition  of 
the  cererit  varies  but,  with  the  exception  of  the  West  Coast  region  where 
low  alkali  cement  is  manufactured,  normal  1)7)0  I cement  is  a high  alkali 
type  with  a total  alkali  content,  expressed  as  -*^32^  equivalent  of 
between  0.6  and  about  l*o  . 
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Alkal i -Si  1 icate  Reaction 


In  North  America  the  term  "alkali-silicate  reaction"  has  come  to  be 
used  to  differentiate  between  the  classical  alkali-silica  reaction  as 
exhibited  by  opaline  rocks  and  the  reaction  that  occurs  with  quartzites, 
greN'wackes  and  phyllites  that  do  not  contain  opaline  or  chalccdonic  silica 
(see  Cillort  fS}'.  The  expansion  mechanism  of  alkali-silicate  reactive 
rocks  is  not  fully  understood  and  although  there  is  so.t.c  evidence  to  the 
contrary,  it  is  not  at  present  clear  that  the  mechanism  is  different  from 
that  of  the  classical  alkali-silica  reaction.  The  rate  of  the  alkali- 
silicate  reaction  is  slower  than  that  of  alkali-silica  and  the  shapes  of 
the  expansion  curces  of  rock  cylinders  of  the  two  types  in  alkali  may 
differ  (FIG.  2).  Tnese  differences  may  be  due,  however,  to  variations  in 
the  amount  of  reactive  material  present  in  the  two  rocks.  The  weight  loss 
of  the  (alkali-si licaj  agate  after  400  days  was  35%;  that  of  the  alkali- 
silica  reactive  quartzite  was  less  than  1%  (9).  It  has  also  been 
suggested  (7)  that  the  expansion  of  some  alkali-silicate  rocks,  e.g., 
argillite,  may  be  due  to  the  exfoliation  of  certain  phyllosilicates  but  it 
is  not  clear  at  present  if  this  is  the  cnly  cause  of  expansion. 


Test  Methods 


The  following  ASTM  test  methods  have  been  and  are  used  in  the 

laboratory  of  the  Division  of  Building  Research,  NRC,  and  by  most  Canadian 

workers: 

C289  Quick  Cherical  Test  Modified  C227  Concrete  Prism  Test 

C22T  Mortar  Bar  Test  Modified  C586  Rock  Cvlinder  Test 


American  Society  for  Testing  and  Materials,  Standard  Specification  for 
Portland  Cement  Designation  C150  (1970). 


C289  Quick  Chemical  Test 


This  test  was  developed  to  assess  aggregates  believed  to  be  susceptible 
to  the  classical  alkali-silica  reaction,  although  it  has  been  demonstrated 
that  it  also  works  with  some  alkali-silicate  rocks,  e.g.,  a quartzite 
sample  5 (FIG.  3).  Duncan  et  al  (6),  found  only  a 50*  confidence  factor 
for  tests  done  on  14  rocks  from  Nova  Scotia  and  concluded,  therefore,  that 
test  C289  was  inappropriate  for  rocks  from  the  Appalachian  Region. 


If  the  mechanism  of  the  alkali-silicate  reaction  is  different  from  the 
classical  reaction  of  alkali-silica,  it  Is  to  be  expected  that  the  amounts 
of  dissolved  silica  and  reduced  alkalinity  observed  in  C289  should  also  be 
different.  For  example,  a river  gravel  of  volcanic  origin  which  is  known 
to  be  reactive  was  submitted  to  the  C289  test.  The  results  of  runs  on 
three  pairs  of  samples  are  shown  in  FIG.  3,  Nos.  1,  2 and  3,  all  of  which 
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Expansion  of  mortar  bars,  made  from  a reactive  gravel  of  volcanic 
origin,  with  high  and  low  alkali  cement  (H.A.  8 L.A.). 


Indicates  borderline  between  reactive  and  non-reactive  aggregates  as 
specified  in  ASTM  Test  C227. 
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plot  in  the  non-reactivc  part  of  the  diagram.  The  results  of  the  mortar 
bar  test  (C227)  on  this  gravel,  shovn  in  FIG.  4,  clearly  demon.strate  that 
the  gravel  is  expansive.  The  Sand  fraction  of  the  material  consists 
mainly  of  volcanic  glass;  the  gravel-size  fraction  is  composed  of 
fragments  of  acid  to  intermediate  volcanic  rocks. 

From  tests  carried  out  in  the  DBR  laboratory  and  elsewhere,  Duncan 
et  al  (6),  it  is  evident  that  considerable  caution  is  necessary  in 
interpreting  the  results  of  the  quick  chemical  test  C289  when  it  is 
applied  to  potentially  alkali-silicate  reactive  rocks. 

Mortar  Bar  Test  C227  and  Concrete  Prism  Test 

To  overcome  the  objection  to  the  mortar  bar  test,  i.e.,  that  mortar  and 
not  concrete  is  being  tested,  the  concrete  prism  test  was  devised.  It  has 
been  used  extensively  in  Canada  (6,  lOj  and  in  the  DbR  laboratory.  The 
effective  dimensions  of  the  concrete  prisms  are  7.6  * 7.6  x 25.4  cm  (3  x 3 
X 10  in.).  Al  DBR  concrete  prisms  and  mortar  bars  are  routinely  stored  at 
38®C  and  100%  relative  humidity  to  accelerate  the  expansion.  W'e  have 
found  the  concrete  prism  test  is  the  most  satisfactory  method  of  testing 
aggregates  for  alkali-reactivity  but  it  has  one  major  disadvantage  which 
probably  prevents  its  wider  acceptance  - the  large  amount  of  space  needed 
to  store  the  prisms.  Only  four  prisms  can  be  sealed  in  a container  28  cm 
in  diameter  by  47  cm  high. 

In  the  work  at  DBR  there  have  been  several  instances  when  concrete 
prisms  showed  an  aggregate  to  be  expansive  when  the  mortar  test  C227  did 
not;  an  example  is  shown  in  FIG.  5.  The  cement  used  is  a normal  Type  I 
containing  0.34%  Na2^  1.13%  K2O  giving  an  Na^O  equivalent  of  1.08%. 

The  amount  of  soluble  Na20  and  K2O  was  determined  by  a modification  of 
ASTM  Cl  14,  about  30%  of  the  sodium  was  soluble  after  ten  minutes  hydration; 
virtually  all  the  potassium  was  soluble.  This  cement  is  classed  as  a high- 
alkali  type  according  to  ASTM  Specification  C150  but  with  an  Na^O  content 
of  0.34%  it. is  not  very  reactive.  In  future  work,  a cement  with  a higher 
Na^O  content  will  be  used  as  it  is  known  that  Na20  is  more  reactive  than 
K2O.  A lower  expansion  for  mortar  bars  than  for  concrete  prisms  has  also 
been  reported  (10).  (The  work  reported  in  this  paper  was  also  done  in  the 
DBR  laboratories.)  The  reason  for  the  discrepancy  between  the  results  of 
the  mortar  bar  and  concrete  prism  tests  is  still  being  investigated;  the 
possibility  that  it  may  be  due  to  the  effect  of  grain  size  is  being 
considered,  Vivian  (11)  showed  that  the  maximum  expansion  caused  by 
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FIG.  5 

Comparison  of  the 
amount  of  expansion 
of  a mortar  bar  and  a 
concrete  prism  made 
from  a reactive 
feldspathic  quartzite 
and  high  alkali 
cement . 


TIMC.  flays 


additions  of  5%  opal  to  a non-expansive  aggregate  occurred  where  the  grain 
size  of  the  aggregate  was  in  the  range  of  50  to  300  wm.  It  might  also  be 
expected  that  the  maximum  expansion  of  aggregate  exhibiting  alkali- 
silicate  reactivity  would  also  occur  in  the  50  to  300  um  range  but  Duncan 
(9)  found  that  the  amount  of  expansion  increased  as  the  average  particle 
size  was  increased.  For  example,  a calcareous  argillite  expanded  0.077\ 
in  48  weeks  when  a normal  grading  (ASTll  C227)  was  used  but  it  expanded  by 
0.164%  when  the  grading  was  altered  by  adding  65%  of  -9.5  *■  4.76  mm 
material.  This  addition  also  increased  the  amount  of  the  coarser  material 
in  the  smaller  screen  sizes  to  give  a total  of  65%  of  coarser  fractions 
compared  to  the  standard  grading. 

In  addition  to  the  discrepancy  noted  between  the  expansion  of  mortar 
bars  and  concrete  prisms,  another  problem  was  encountered.  Mortar  bars 
made  from  both  high  and  low  alkali  cement  showed  the  same  (small)  amount 
of  expansion  (FIG.  6).  There  is  usually  a significant  difference  in  the 
amount  of  expansion  observed  in  mortar  bars  made  from  reactive  aggregate 
with  high  alkali  and  low  alkali  cement;  for  example  FIG.  4 shows  the 
expansions  of  mortar  bars  made  from  a reactive  sand  of  volcanic  origin. 
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Comparison  of  the  expansion  of 
mortar  bars,  of  a reactive 
rhyolite,  made  with  high  and 
low  alkali  cement.  For 
comparison,  the  expansion  of 
a concrete  prism  made  with 
high  alkali  cement  is  also 
shown, 

n.A.  High  alkali  cement 
L.A,  Low  alkali  cement 


The  reason  why  some  mortar  bars  made  with  high  alkali  cement  did  not  show 
more  expansion  than  those  made  with  low  alkali  cement  lias  so  far  net  been 
determined,  but  it  may  be  due  to  the  distribution  of  the  alkalies  in  the 
cement  - 0.34%  Na20  and  1.15%  ^20,  ^^2^  equivalent  1.08.  Although  this 
would  be  classed  as  a high  alkali  cement  based  on  its  Na20  equivalent  it 
may  not  behave  as  such  in  mortar.  At  DBR,  for  the  past  few  years,  washing 
the  aggregate  as  specified  in  A5TM  C227  has  been  omitted.  In  normal  field 
practice  the  aggregate  is  not  washed  and  it  was  thought  that  the  test 
would  better  simulate  normal  usage  if  washing  were  omitted.  The  effect  of 
omitting  the  washing  of  the  aggregate  is  that  about  0.8%  more  fine 
material  is  present,  most  of  it  in  the  150  to  300  v range.  Experiments 
are  currently  in  progress  to  determine  if  the  small  percentage  of  fines 
added  to  the  mortar  bars  as  a result  of  not  washing  the  aggregates  could 
act  as  a pozzolan  and  inhibit  the  expansion. 
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ASTM  Test  C227  specifies  that  expansion  in  excess  of  0.1%  at  six  months 
or  0.05%  at  three  months  be  considered  deleterious.  This  specification 
may  be  satisfactory  for  aggregates  showing  the  classical  alkali-silica 
reaction  but  is  not  reliable  for  concrete  prisms  made  from  aggregates  that 
exhibit  the  alkali-silicate  reaction.  FIG.  7 shows  the  expansions  of 
three  concrete  prisms  made  with  high  alkali  cement  and  quartzites  from  the 
Canadian  Shield.  Samples  1 and  2 are  excessively  expansive;  sample  3 is 
marginal.  Quartzite  1 would  be  deemed  excessively  expansive  by  ASTM  C227 
specification  but  quartzite  2 would  not,  although  it  expanded  more  than 
0.14%  in  two  years  and  cracks  had  appeared  in  the  prisms.  Concrete  prisms 
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same  drawback  as  the  mortar  bar  and  concrete  prism  tests  applied  to  these 
rocks,  i.e.,  the  length  of  time  required  to  obtain  results,  frequently 
from  one  to  two  years.  To  be  of  practical  value  the  rock  cylinder  test 
would  have  to  be  much  more  rapid. 


Accelerated  Test:  The  Rock  Prism  Test 


Some  time  ago  it  was  decided  to  try  to  develop  an  accelerated  rock 
cylinder  test.  This  was  achieved  by  making  small  rock  prisms  20  3 175  x 

6.35  nun  instead  of  the  rock  cylinders.  The  rock  prisms  were  vacuum 
saturated  with  2S  NaOH  solution  at  the  start  of  the  experiment.  This  new 
method,  the  Rock  Prism  test,  will  be  described  in  more  detail  in  a later 
publication.  The  length  change  of  the  rock  prisms  can  be  measured  by  one 
of  two  methods:  (1)  by  a differential  transformer  giving  a continuous 

chart  readout;  or  C^)  by  means  of  a Huggenberger  gauge  which  is  read  at 
selected  intervals.  (A  rock  prism  and  this  gauge  are  shown  in  FIG.  8a. 

For  comparison  a regular  rock  cylinder  is  shown  on  a Tesa  measuring 
apparatus  in  FIG.  8b.)  Small  metal  studs  are  attached  to  the  rock  prisms 
to  permit  measurement  with  the  Huggenberger  gauge;  these  are  visible  in 
FIG.  8a.  The  studs  are  cemented  to  the  rock  with  epoxy.  Some  problems 
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Huggenberger  gauge  to  measure  length  of  rock  prism.  Note  the  two 
studs  attached  to  the  prism  into  which  the  prongs  of  the  apparatus  fit 

Tesa  gauge  to  measure  a rock  cylinder. 
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Comparison  of  expansions  measured  on  prisms  of  a 
reactive  quartzite  in  2N  NaOM  solution  with  a 
Huggenherger  gauge  and  a differential  transformer 


were  encountered  due  to  the  studs  coming  off,  particularly  on  the  more 
expansive  san:ples  but  nonetheless  satisfactory  results  were  obtained.  The 
differential  transformer  is  capable  of  more  accurate  measurement,  but  it 
has  the  disadvantage  that  one  apparatus  is  needed  for  each  sample.  In  the 
transformer  apparatus  the  sample  is  clamped  in  small  jaws  so  there  is  no 
problem  with  epoxy  becoming  detached  as  sometimes  happens  to  the  studs  on 
samples  when  the  Huggenberger  gauge  is  used.  The  results  of  expansion 
experiments  with  this  gauge  and  transformer  apparatus  are  shown  in  FIG.  9. 
Both  curves  show  about  the  same  slope  but  the  amount  of  expansion  after 


100  days  measured  by  the  transformer  is  less  than  half  that  measured  by 
the  Huggenberger  gauge.  The  discrepancy  between  the  two  samples  may  be 
due  to  differences  in  the  two  prisms  or  to  friction  in  the  transformer  or 
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Rock  prism  test  on  duplicate  samples  of  aggregate 
immersed  in  2N  NaOH  solution. 


Pairs  of  cylinders,  even  though  cored  from  the  same  piece  of  rock  and 
immersed  in  alkali  frequently  show  different  rates  of  expansion  due  to 
lack  of  homogeneity  in  the  sample.  To  try  to  reduce  to  a minimum  this 
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inhoroogeneity  in  the  pairs  of  rock  prisms  they  were  sawn  side  by  side  from 
the  same  slab  of  rock.  Despite  this,  however,  considerable  variation  in 
expansion  was  found  between  the  pairs.  Typical  expansion  curves  for  three 
pairs  of  rock  prisms  are  shown  in  FIG.  11.  The  uncertainty  that  may  arise 
in  the  interpretation  of  the  rock  prism  test  can  be  reduced  by  measuring 
three  or  more  prisms  from  each  sample.  The  effect  of  the  lack  of 
homogeneity  of  the  rocks  can  be  minimized  by  testing  sets  of  prisms  from 
a number  of  pieces  of  aggregate. 


Die  problem  of  determining  the  dividing  line  between  normal  and 
expansive  rocks,  which  was  encountered  with  the  mortar  bar  and  concrete 
prism  tests,  also  exists  with  the  rock  prism  method.  The  two  feldspathic 
quartzites  shown  in  HIG.  11  are  known  from  concrete  prism  tests  to  be 
expansive;  the  amphibolite  is  non-expansive.  The  problem  is  how  to 
designate  rocks  that  have  curves  lying  between  the  quartzites  and  the 
amphibolite  (FIG.  11).  The  dividing  line  between  expansive  and 
non-expansive  rocks  and  the  minimum  duration  of  expansion  experiments 
cannot  be  established  with  certainty  until  more  experiments  have  been  done 
on  reck  types  that  have  previously  been  tested  in  concrete;  work  on  this 
project  is  still  in  progress. 

The  rock  prism  test  as  outlined  in  this  paper  shows  promise  of 
providing  a relatively  rapid  method  of  screening  aggregate  which  may  be 
potentially  alkali-silicate  reactive. 

Discussion 

Research  on  the  problem  of  alkali-reactivity  has  been  carried  out  for 
more  than  a quarter  of  a century  but  there  is  still  no  clear  understanding 
of  the  exact  mechanism  by  which  the  expansion  of  concrete  occurs,  even  in 
the  case  of  the  classical  alkali-silica  reaction.  The  alkali  silicate 
reaction,  which  was  defined  recently,  presents  a more  complex  problem. 
There  is  some  evidence  that  expansion  may  occur  due  to  several  mechanisms. 
(For  recent  discussions  on  these  topics  see  Diamond  (12)  and  Gillott  (8)). 
In  studying  the  expansion  of  concrete  made  with  reactive  aggregate  and 
high  alkali  cement  there  are  two  major  questions  to  be  answered:  (1)  How 

do  rock  prisms  expand  when  immersed  in  alkali  or  in  concrete,  and  (2)  Why 
does  the  concrete  itself  expand  and  crack  when  made  with  reactive 
aggregate. 

Gillott  et  al  (7)  demonstrated  that  some  phyllosilicates  expand  when 
immersed  in  alkaline  solution.  The  alkali  dissolved  out  the  interlayer 
precipitates  thus  increasing  the  surface  area  and  allowing  the  adsorption 
of  water  which  in  turn  caused  the  mineral  to  swell.  This  mechanism  does 
not,  however,  explain  the  expansion  of  quartzites  observed  by  the  present 
authors.  The  quartzites  consisted  of  large  grains  of  quartz  surrounded  by 
interstitial  fine  quartz  and  silica. 

The  expansion  of  limestone  and  porous  96%  silica  glass  was  studied  by 
Feldman  and  Sereda  (13);  the  mechanism  that  they  proposed  to  account  for 
the  expansion  may  well  also  J^pply  to  the  quartzites.  Essentially  what 
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happens  is  that  the  alkali  reacts  with  silica  or  silicate  to  form  an 
alkali-silicate  hydrate  which  precipitates  as  a gel  in  the  fine  pores  of 
the  rock.  This  naterial  has  a high  surface  area  and  readily  adsorbs  water 
which  causes  it  to  expand  (13).  The  characteristics  of  the  adsorption  and 
expansion  isotherr.s  confirm  that  the  alkali-silicate  hydrate  is  in  the  gel 
form. 

The  possibility  of  developing  a reliable  and  rapid  test  for  alkali- 
silicate  reactive  aggregates  would  be  greatly  enhanced  if  the  mechanism  or 
mechanisms  of  expansion  were  undor«;tood.  Determining  the  cause  of  the 
expansion  of  concrete  made  with  reactive  aggregate  and  high  alkali  cement 
is  complicated  by  three  factors,  in  addition  to  the  alkali-silicate 
reaction:  ter.perature,  moisture  content,  and  hydration  reaction.  The  aim 

of  the  test  for  alkali-expansivity  is  to  determine  the  effect  of  the 
alkali-silicate  reaction  alone  on  the  expansion  of  the  concrete.  This  is 
never  a simple  task;  it  is  often  an  impossible  one.  In  the  initial  period 
just  subsequent  to  fabrication  all  four  parameters  change  simultaneously 
and  feed-back  problems  arise.  As  hydration  proceeds  the  temperature  rises 
and  the  moisture  content  decreases  due  to  changes  of  relative  humidity. 

It  is  very  important  to  keep  these  facts  in  mind  both  in  the  design  and 
evaluation  of  test  procedures. 
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CONTHIBiJTIOIiS  TO  DISCUSCION 


I suggest  that  the  tern  “alkali-silicate  reaction”  be  reserved  for 
reactions  with  phyllosilicates  as  will  be  suggested  by  S.  Diamond 
(in  press)  rather  than  used  for  reactions  that  involve  the  classical 
alkali-silica  physical  chemistry  - differing  only  in  rate  of  develop- 
ment and  shape  of  curve. 


In  order  to  distinguish  between  the  different  types  of  reactivity  ’ 
are  concerned  with  one  must  consider  the  character  of  the  reactive 


rock  closely 


Tense  and  porous  flints  are  100  percent  mono-mineralic  silica  rocks. 
Dense  flint  particles  often  have  interior  regions  less  compact  than 
other  parts  €ind  are  thus  attractive  for  alkali  silica  reaction  to 
start  in.  Expansion  therefore  often  perform  as  sudden  crack  formation 
within  the  rock  particles  and  then  continuing  out  through  the  surr- 
ounding paste.  Porous  flint  particles  often  become  completely  trans- 
formed to  gel,  before  expansive  pressure  from  the  remaining  "gel-body" 
is  exerted  upon  the  surrounding  paste  and  makes  it  crack  (or  makes 
the  gel  escape  out  as  a diluted  liquid  into  the  pores  of  the  paste 
without  causing  cracking). 


Polynineralic  rocks  - phyllites,  greywackes  etc.  behave  differently. 
The  reacting  constituents  are  silica  and  maybe  also  silicates  occur- 
ring as  interstitial  minerals,  and  the  reaction  with  alkalies  affect 
only  their  areas  of  the  rock  particles.  Cracking  therefore  also  orig- 
inates in  reactive  areas  of  the  particles. 


Crushing  of  coarse  aggregate  specimens  in  order  to  make  sari  for 
standard  mortar  tars  will  make  the  dense  flint  sand  consist  of  more 
and  less  readily  reactive  particles,  porous  flint  to  remain  unchanged 
with  regard  to  reactivity,  and  polymineralic  rocks  to  consist  of 
reactive  and  innocuous  sand  particles,  respectively.  Accordingly  tne 
mortar  bar  test  experiments  must  be  interpretated  with  gr^at  care,  if 
intended  to  reveal  information  on  the  nature,  characteristics  and 
designation  of  alkali-reactivity. 


rr.  G.M,  Idorn  (ooi:t . ) 

I do  not  think  this  is  in  opposition  to  P.  Gratton-Bellew's  designat- 
ion, Alkali-silica  and  alkali-silicate  reaction,  but  that  thorough- 
ness and  consistency  is  called  for  vhen  such  designation  is  to  be 
established. 

Hrs,  K.  Mather 

The  point  made  by  Dr,  Idorn  is  excellent  because  he  reminds  us  that 
we  should  pay  attention  to  the  minute  geography  of  the  aggregate 
particles.  I am  also  reminded  by  Dr.  Gratton-Eellow*s  comment  of 
the  aggregate  in  Fontana  Dam;  the  aggregate  graded  from  coarse-grain- 
ed greyvacke  to  fine-grained  phyllite  without  much  change  in  composit- 
ion. Ve  counted  the  number  of  coarse  aggregate  particles  associated 
with  gel  pockets,  reaction  rims,  and  internal  cracking,  and  we  sorted 
these  by  lithologic  variety.  We  found  that  there  was  more  gel  and 
more  internal  cracking  associated  with  the  coarse-grained  rocks 
rather  than  with  the  fine-grained  rocks.  This  is  not  the  condition 
that  exists  with  rocks  from  the  Canadian  shield. 

Dr.  P.  Gratton-3ellew 

In  reply  to  questions  and  comments  on  our  paper. 

Mrs.  K.  Mather  and  Dr.  Idorn  raised  the  problem  of  the  effect  of 
grain  size  of  rock  aggregate  on  the  expansion  of  mortar  bars  and 
concrete  prisms,  and  of  pore  size  and  distribution  and  surface  area, 
unaffected  by  grain  size  in  the  range  considered  (3mm  - 0.1mm). 

However  in  reactive  quartzites  large  grains  are  surrounded  by  finer 
siliceous  material  and  fine  quartz,  possibly  in  the  coarser  material 
more  of  the  fine  interstitial  material  (thought  to  be  the  reactive 
component)  may  occur  on  the  surface  of  quartz  grains  and  so  enhance 
the  reactivity  of  the  rock. 

In  discussion  with  B.  Mather  and  G.  Idorn  on  use  of  the  term  alkali- 
silicate  reaction.  This  term  I used  loosely  to  refer  to  a variety 
of  rock  types  - this  usage  is  probably  misleading  and  I agree  with 
B.  Mather  that  the  term  alkali-silicate  reaction  should  be  reserved 
for  the  explanation  of  phyllosilicates  reported  by  Gillot  if  this  is 
indeed  the  cause  of  expansion  of  the  aggregate  in  these  cases.  The 
terra  alkalies ilicate  should  also  surely  be  applied  and  reactions  such 
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ADDENDUM  - THE  EFFECT  OF  CEMENT  MIXTURES 
ON  ALKALI  EXPANSION 


Dr.  G.  Gudmundsson  and  H.  Asgeirsson 


Further  to  the  data  presented  at  the  Reykjavik  Symposium' 
we  are  now  able  to  make  a minor  addendum. 


Firstly,  it  may  be  mentioned,  that  we  have  continued  measuring 
our  mortar  bars,  and  found  that  little  change  has  taken  place 
in  the  volume  of  our  pozzolanic  mortar  prisms.  All  the 
tested  samples  proved  to  be  of  effective  pozzolans  as  far  as 
reduction  in  mortar  bar  expansion  is  concerned;  yet  there  is 
a decisive  difference  in  the  strength  increase  (see  Fig.  1). 


It  is  clear  that  the  scale  used  for  expansion  in  Fig.  1 
greatly  exceeds  the  exactness  of  measurements;  it  may  though 
in  all  fairness  be  stated  that  a 25%  pozzolan  replacement  of 
the  cement  in  the  reference  sample  reduces  its  12  months 
expansion  from  approximately  0,2  to  about  0,02%  (0,179  to 
0,021  ave.). 


Contrary  to  what  is  often  stated  we  find  no  correlation  between 
the  acidity  of  the  pozzolans  and  their  activity.  Moreover, 
some  of  the  most  basic  samples  have  proved  to  posess  the 
strongest  pozzolanic  properties  (No  14).  Saemundsson^ ^ has 
classified  the  rocks  into  basaltic,  andesitic/dasitic  and 
rhyolitic  composition,  as  shown  in  Fig.  1;  but  neither  this 
nor  other  sequence  arrangements  have  revealed  direct  conformity 
All  slections  of  materials  must  therefore  be  subject  to 
imperial  test  results. 


If,  however,  the  results  illustrated  in  Fig.  1 are  compared 
with  those  obtained  from  the  ISO/863-1963  (E)  - Recomended 
tests,  a fairly  good  agreement  is  observed^)  (Fig.  2).  The 
samples  appearing  on  or  near  the  border  parameter  (3,  11,  5) 
in  the  ISO-diagram  also  show  the  lowest  increase  in  strength 


L 

and  those  that  fall  lowest  on  the  diagram  are  also  the 
strongest  pozzoians  according  to  the  mortar  bar  tests. 


We  mentioned  the  gravity  of  our  domestic  situation  last  year; 
since  we  were  producing  cement  of  very  high  alkalinity  and 
using  reactive  glassy  aggregates.  However,  we  had  not 
suffered  extensive  damage,  and  pointed  out  that  the  wet  and  cool 
climate  might  be  our  safeguard.  Sidney  Diamond  and  Harold 
Vivian^)  pointed  out  to  us  that  the  viscosity  of  the  gel  formed 
in  our  concrete  might  be  lessened  by  the  very  high  alkalinity, 
and  this  could  then  explain  the  minimal  damage.  A -partial  use 
of  low-alkali-cement  might  therefore  bring  about  a pessimum 
alkali  content  and  disruptive  damage.  We  therefore  carried 
out  the  examination  we  illustrate  in  our  3rd  Fig.  Expansion 
appeared  in  this  examination  to  be  in  direct  proportion  with 
alkali  content.  Such  studies  however  need  to  be  carried 
further. 

Even  though  alkali-aggregate  damage  cannot  be  said  to  be 
common  it  certainly  exists  locally.  This  may  be  seen  on 
Fig  4 to  7 , which  show  damage  to  exterior  walls  to  a 
bungalow  in  the  Reykjavik  area.  Even  though  these  damages 
originate  primarily  from  exceedingly  reactive  aggregate 
particles,  they  certainly  serve  to  remind  us  of  the  grave 
situation  we  face. 

References: 

1)  G.  Gudmundsson,  Investigation  on  Icelandic  Pozzoians, 
Symposium  on  Alkali-Aggregate  Reaction,  The  Building 
Research  Institute,  Reykjavik,  August  1975,  p.  65-76. 

2)  K.  Samundsson,  Geologic  Prospecting  of  Pozzolanic 
Materials  in  Iceland,  ibid,  p.  77-86. 

3)  H.  ^sgeirsson.  An  Epilogue,  ibid,  p.  269-270. 
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CONTRXBUTIOKS  TO  DISCUSSION 


Mr.  D.  St.John 


Did  you  check  your  pozzolans  used  for  tests  by  vater  demand  tests 
or  carry  out  any  particle  size  distribution  measurements.  It  has 
been  our  ejcperience  that  surface  area  does  not  adequately  charact< 
ise  a fine  material. 


In  reply  to  the  various  enquiries  arising  from  discussion  I would 
like  to  record  that  the  high  alkali  cement  contained  l.^K  sodium 
equivalent  and  the  low  alkali  cement  about  0.35?.  The  cement 
content  was  approximately  350  Kg/m^  and  that  Smidt  Hammer  and  core 
tests  proved  that  the  strength  of  the  concrete  is  still  quite  high 
in  spite  of  the  cracks.  No  data  is  available  on  the  tests  suggesti 
by  Mr.  D.  St.John. 
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ABSTRACT 


The  potential  reactivity  of  carhonate  rocks  for  concrete 
aggregates  is  investigated  in  samples  collected  from 
twenty  eight  quarries,  distributed  over  different  parts 
of  Iraq,  according  to  the  ASTK:  D 75-71.  The  samples 
were  examined  petrographioally  according  to  the  ASTM: 

C 295-65,  and  analyzed  chemically  for  major  constituents 
(CaCO,,  I'lgCO,,  and  insoluble  residue).  The  samples  were 
ilso  subjected  to  mortar  bar  test  according  to  the  ASTM: 

C 227-71;  the  rock-cylinder  test  accordirjg  to  the  ASTK; 

C 586-69;  and  the  compressive  strength  according  to  the 
ACI  Code  318-56.  The  concrete  mines  were  prepared  from 
a low  alkali  cement  (Sarchinar  factory)  and  a high  alkali 
cement  (Kufa  factory)  and  the  results  were  compared. 

The  results  of  the  four  tests  carried,  were  utilized  to 
give  a combined  evaluation  to  the  carbonate  aggregates 
from  the  quarry  sites  studied.  This  evaluation  will  be 
a useful  guide  in  the  choice  of  suitable  crushed  car- 
bonate aggregates  in  situations  where  gravel  and  sand 
deposits  are  not  available  or  of  low  quality. 


AT k-nH-Carhnr.p.te  Reaction 

Two  types  of  alkali-a^jcregate  reactions  in  concrete  are 
now  well  established,  namely:  the  alkali-silica  reaction  and 
alkali-carbonate  rock  reaction.  A siirvey  of  alkali-silica 
reaction  in  Iraqi  quarries  was  carried  by  the  senior  author(l). 

The  effect  of  alkali-carbonate  rock  aggregate  reaction 
in  concrete  deterioration  was  first  established  in  (1957)  In 
the  vicinity  of  Eiagstone,  Ontario,  where  an  argillaceous 
dolonitic  limestone  was  involved  in  the  reaction  (2). 

A differentiation  should  be  made  between  expansive  alkali- 
carbonate  rocks  reaction  and  those  reactior.s  developing  reaction 
rims  around  certain  carbonate  rock  aggregates.  The  expansive 
aggregates  cause  deterioration  of  concrete  by  cracking  and 
consequent  failure.  The  rim  developing  carbonate  aggregates 
cause  deterioration  by  its  weatherii:g  effect  and  decline  in 
physical  quality  of  the  aggregate  and  co-':sequently  of  the  con- 
crete (3,4). 

The  most  pronounced  reaction  known  to  occui'  in  carbonate 
aggregates  is  called  as  "Dedolomitization" . It  is  a reaction 
in  which  the  dolomites  of  the  carbor.ate  rocks  are  attacked  by 
the  alkalis  of  the  cement,  and  accompanied  by  the  development 
of  calcite,  and  appearance  of  brucite  (5). 

The  rim-developing  carbonate  rocks  are  generally  of  the 
same  mineral  comjweition  and  texture  as  the  expansive  rock  but 
relatively  of  lower  insoluble  residue  content  and  higiier 
dolomite  content  (6)..  The  rim  zones,  were  found  to  be  less 
porous  and  contain  more  silica  than  the  interior  of  the  car- 
bonate aggregate  particles  (3). 

A general  study  of  nil. all-aggregate  reaction  in  the  Middle 
East  was  carrieu  during  the  last  two  years  (7,8,9). 

The  factors  influencing  the  alkali-carbonate  reaction 
Include  the  cement  alkali  content  (2),  the  expsmsive  reactivity 
of  rocks  (6)  the  temperature  and  moisture  condition  (6),  the 
maximum  aggregate  size  (2),  and  the  porosity  and  permeability 
of  aggregates  (10). 

Different  methods  and  approaches  were  suggested  to  over- 
come the  reactivity  by  various  workers  among  which  wi*re  (11,12, 
13,  14). 
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Methods  of  Teat 

A.  Petrographic  teat; 

Petrographic  examination  contributes  in  several  ways  to 
the  investigation,  selection,  testing,  and  control  of  aggre- 
gates. Preliminary  examination  of  concrete  aggregates  is 
performed  either  in  the  field  or  in  the  laboratory  as  an 
adjacent  to  examination,  exploration,  and  sampling.  This  may 
help  in  locating  relative  quality  and  potentially  reactive 
rocks  in  the  field  (15). 

A recommended  practice  for  petrographic  examination  of 
aggregate  for  concrete  is  given  by  ASTM  Designation  C295. 

B.  Mortar  bar  test! 

A standard  method  of  test  for  potential  alkali  reactivity 
of  cement-aggregate  combinations  is  described  in  ASTM  Design- 
ation C 227.  The  method  covers  the  determination  of  the 
susceptibility  of  cement-aggregate  combinations  to  expansive 
reactions  involving  the  alkalies  (Na  & K)  by  measurement  of 
the  increase  (or  decrease)  in  length  of  mortar  bars  containing 
the  combination  during  storage  under  prescribed  conditions  of 
teat. 

C.  Rock-c.vlinder  test; 

In  this  type  of  test  either  a small  rock-cylinder  or 
rock-prism  is  Immersed  in  1 to  2 m solutions  of  alkali.  The 
time  needed  for  this  test  to  yield  significant  results  is  from 
two  to  six  weeks,  depending  on  size  of  the  specimen,  con- 
centration of  alkali,  and  reactivity  of  aggregate  (16). 

D.  Compressive  strength  test; 


The  rim-developing  rocks  in  concrete  has  a determinative 
effect  on  strength  development.  A decline  in  strength  may 
results  when  a large  proportions  of  such  carbonate  rocks  ai-e 
present  (5,  6). 

geology  of  Carbonate  Rocks  in  Iraq 

The  limestones  and  dolomites  are  distributed  throughout 
large  parts  of  Iraq  ranging  in  age  from  the  Devonian  to  the 
Miocene.  They  occur  in  various  forms  such  as:  pure  limestones; 


marly  limestones;  dolomltic  limestones  and  pure  dolomites. 

Their  geologic  formations  greatly  vary  in  thickness,  extent,  or 
shape,  depending  on  the  type  of  depositional  basin,  its  extent 
and  configuration.  Other  factors  includes  rate  of  deposition, 
tine,  and  source  area.  The  formations  of  northern  Iraq  are 
generally  thicker  than  elsewhere,  this  is  because  of  the 
relatively  deeper  basin  of  deposition. 

The  quarries  sampled  as  shown  in  figure  (l)  are  of  dif- 
ferent types  dependiiig  on  the  position  of  the  stratigraphic 
section  with  respect  to  the  ground  surface.  This  is  greatly 
controlled  by  the  tectonic  history  of  the  area. 

Quarries  of  northern  Iraq  are  almost  of  open  shelf  type 
because  the  area  is  affected  by  intensive  tectonic  movements. 
Some  parts  of  the  western  desert  are  also  of  open  shelf  type, 
while  the  quarries  of  river  plain  are  generally  of  open  pit 
type.  Table  1 gives  a brief  description  of  the  quairry  sites 
investigated. 

Despite  the  original  type  of  rook  (chemical,  biochemical, 
or  detrital),  the  limestone  and  dolomite  may  be  often  surface 
altered  to  a hardpan  by  a dlagenetic  process,  which  may  leads 
to  the  concentration  of  salts  near  the  surface;  this  frequently 
occurs  in  the  Middle  East  countries  where  evaporation  exceeds 
precipitation  (8). 

Finally,  a complexity  in  the  geology  of  an  area  may 
leads  to  the  complexity  of  alkali-reaction  study,  because  the 
rock  greatly  vary  in  composition  and  different  kinds  of 
reaction  occur  (17). 
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Results  of  netrofrranhic  test 


From  all  studied  samples,  only  two  samples  showed 
evidences  of  deleterious  aikali  reaction.  These  Includes: 
Haditha  (a)  and  Rutba  (c)  calcitic  dolomites.  These  two 
samples  were  confirmed  to  be  generally  of  the  same  petrographic 
characteristics.  Haditha  (a)  aggregate  have  relatively  higher 
insoluble  residue  but  lower  dolomltic  content. 
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Fi9.(  1 ).  Physiographic  map  o1  Iraq  showing  areas  ot  major  quarriable 
carbooGt  rocks  and  locations  of  the  rnvesfigated  quarry 
sites* 


■'A 


Resiilts  o 


3U0Z 

eixmooi 


puB  iTfB;).unox 
PTOJ 


were  generc 
The  effe 
Hadltha  agg 
60ce  reduct 
Figure  10  e 
prepared  fr 
eeciple  wit 


BeeiiTta  of  i 
All  of  tl 


) rH  H OJ  H 


^9sad 


■P  -P  <U  -f*  4* 
*H  ^ A3  *H  *f4 
P<  P<  Q P<  Pt 

p d P P P 

A)  O 4)  41  Q) 
Ot  P<  P<  P*  P« 

o o o O o 


(§  (S  iS(S  (S 


4*  +>  4*  4»  4» 
0}  CQ  n 03  0) 
^ ^ ^ ^ 

0)  0}  c)  Q a 

0>  O <11  Ql  Cl 
P 4>  P P 4» 
f1  d cl  rt  d 

Hb  b b b 


P(‘A  Pt^Oi 

5 W 5 S (3 

I I t I I 

O d 41  41  4> 

d d d d 9 

O O 9 4>  41 
O Cl  Cl  O 9 
O O O O O 

4>4h4>4Hj 


S'-N  O 

Vt  ' 

rt  ^ .Q^ 


Reaulta  of  Mortar  Bar  Teat; 

The  percent  linear  expansion  curves  of  mortau:  bars  for  the 
different  quarry  eamplee  with  high  alkali  Kufa  factory  cement, 
{1.0655  NagO  total)  are  ehown  in  figures  2a, 3a, 4a, 5a, 6a, 7a, 8a, 
and  9a  respectively. The  percent  linear  expansion  curves  of 
mortar  baira  for  the  different  quarry  samples  with  low  alkali 
Sarchinar  factory  cement(0.48^  total  Na^O)  are  shown  in  figures 
2b,3b,4b,5b,6b,7b,8b  and  9b  respectively.  A direct  comparasion 
can  be  made  between  the  expaiujion  curves  for  the  different 
samples  with  high  and  low  alkali  cement, 

Kie  relatively  more  expanding  mcrtar  bars  are  those  obtadned 
from  quarries  west  of  the  Euphrates  river  and  the  Western  desert. 
Samples  obtained  from  quarries  from  northern  and  southern  Iraq 
were  generally  non  or  sli^tly  expansive. 

The  effect  of  the  dilution  of  the  mortar  mix  of  expansive 
Haditha  aggregate  with  the  inert  Sarchinar  aggregate  yeilded 
some  reduction  in  expaneton  ,but  the  deleterious  effect  remained. 
Figure  10  shows  a comparasion  between  three  haditha  mortars 
prepared  from  low  alkali-  cement, hi^  alkali  cement  and  a diluted 
sample  with  high  alkali  cement  . 

Results  of  Com-presslve  strength  test  ; 


There  was  no  observed  decline  in  the  rate  of  compressive 
strength  development  with  time  in  all  the  concrete  cubes 
prepared  from  all  the  aggregate  types. The  rate  of  compressive 
strength  growth  was  noticed  to  be  different  in  different 
samples.  The  following  quarry  site  samples  gave  not  accepted 
strength  values  in  28  days:Haditha,Halydia,Ghus8aiba,Qalat 
)>:azlum,Samawa  2,  Kilo  60,Rawa  ,6alji  and  Badosh. 

Results  of  petrographic  examination  of  the  mortar  concrete 


All  of  the  mortaoe  prepared  from  low  and  hi^  alkaCLl  cement 
were  examined  petrographically,  and  not  found  to  reveal  any 
reaction  criteria  with  the  exception  of  three  samples  from 
Haditha, Rutba  and  Tayarat. Microcracks  of  appreciable  lengb 
were  noticed  in  Haditha  and  Tayarat  raortar;while  the  Rutba 
mortar  revealed  clear  reaction  rims  . 
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b.  CASE  srccr  investigations 


The  Conference  so  far  has  been  mainly  concerned  with 
laboratory  studies  and  simulation  of  *rim  p))enomena'  on 
one  hand,  and  a icix  of  cenent  production,  chemical 
technology  and  early  life  characteristics  of  setting 
cement  on  the  other* 


This  session  gives  us  the  opportunity  to  take  the 
research  laboratory  and  cement  production  technology 
approaches  a significant  stage  further  into  the  world  of 
concrete  construction  and  performance* 


In  practice  there  are  many  variables  to  handle  -» 
the  local  environrw>nt , the  mix  design,  the  materials,  the 
workJnanship  and  the  teclmiques  of  concrete  production* 
Therefore  laboratory  investigations  inevitably  suffer  a 
little  because  they  cannot  reproduce  all  the  full  scale 
conditions,  and  case  studies  and  field  work  hence  form  a 
prime  tool  for  our  applied  research*  Tliere  is  a further 
important  but  somewhat  different  consideration,  it  is  in 
our  appreciation  of  economic  factors  and  the  performance 
of  concretes  in  practice, where  our  collective  image  to  the 
industry  is  largely  portrayed. 


Thus  I hope  this  session  can  help  bridge  the  gap 
between  theory  and  practice* 


To  illustrate  the  complex  influence  of  6on»e  variables, 

1 will  show  you,  a little  light  heartedly,  an  extreme  case 
history  (parts  of  which  are  under  litigation  therefore  I 
cannot  give  specific  details)*  Please  treat  it  in  the 
spirit  in  wtiich  it  is  given*  It  concerns  a large  industrial 


complex  in  the  Middle  £ast,  in  «n  area  wtiere  the  environ* 
foent  is  hot^  arid  and  coastal«  Tlie  aggreQatea  are  a 
variety  of  igneous  and  carbonate  rocks,  that  are  generally 
weak,  porous  and  often  contaminated  with  evaporite  salts* 
The  enviroitmeni • the  materials  and  certain  aspects  of  the 
workmanship  and  design  has  led  to  many  deficiencies  in 
the  performance  of  the  local  concrete  in  the  short  and 
medium  term.  The  longer  terra  problem  of  expansive  alkali 
silica  and  perhaps  alkali  carbonate  reactions,  which  are 
also  present,  tend  to  pale  into  insignificance  as  the 
effective  life  of  the  concrete  is  often  finished  before 
serious  damage  to  concrete  from  alkali  reaction  becomes 
significant. 

Fig.  1 shows  in  simplified  form  the  relationship  of 
alkali  reaction  problems  compared  in  time  with  the  other 
principal  problems  found.  The  photographs  show  some  or 
the  defective  concrete,  cracks  and  other  deterioration  which 
has  occurred  due  to  a variety  of  causes  acting  singly  and 
in  combination  e.g.  plastic  shrinkage,  plastic  settlement, 
shrinkage  cracking,  cracks  related  to  reinforcement  corro- 
sion, cracks  due  to  thermal  movement,  shear  and  tensile 
Stress  cracks  due  to  design  inadequacies,  internal  and 
external  chemical  sulphate  attack  and  physical  salt 
weathering. 
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To  get  SG“s  idea  of  the  possible  risk  alkali-aggregate  reaction 
cay  ccnsoitute  to  concrete  constructions  in  Germany,  extensive 
tests  were  performed.  Because  of  the  complex  nature  of  the  al- 
kali-aggregate reaction  and  the  numerous  influential  factors, 
a great  number  of  aspects  had  to  be  considered,  such  as  the  in- 
fluence of  type,  quantity  and  grain  size  of  the  aggregate  as 
well  as  that  of  the  alkali  content.  This  involved  short-time 
tests  o.n  normally  small  speci.mens  under  severe  conditions. 

S.  Sprung  already  reported  on  some  of  these  tests  at  the  last 
symposium  at  .Reykjavik.  But  short-time  and  simplified  tests 
alone  do  not  yield  sufficiently  reliable  information  if  it  has 
not  first  teen  established  whether  these  findings  can  safely  be 
applied  to  the  behaviour  of  corresponding  concrete  units.  It 
was  with  this  in  mind  that  over  the  last  8 years  extensive  con- 
crete tests  and  investigation.':  into  the  behaviour  of  construc- 


Introduction 

Up  to  1965  the  generally  held  view  in  Germany  was  that  there 
was  in  this  country  no  alkali-aggregate  reaction  causi.ng  severe 
damage  to  concrete.  Although  in  a few  instances  alkali-aggre- 
gate reaction  was  considered  as  a possible  cause  of  cracking 
and  scaling  on  concrete  constructions  in  north  Germany,  this 
was  done  more  in  view  of  relevant  findings  in  the  neighbouring 
country  of  Denmark.  Usually  the  deterioration  was  mostly  seen 
as  the  result  of  other  causes,  such  as  frost  action  and  exces- 
sively high  stress  due  to  shrinkage  or  temperature.  This  until 
then  widely  accepted  view  about  a possible  deleterious  alkali- 
aggregate  reaction  changed  when  in  1968  near  Lilbeck  a bridge 
had  to  be  pulled  down,  because  its  stability  could  no  longer  be 
guaranteed.  In  197*1  a further  bridge  was  for  the  same  reason 
closed  to  traffic  and  replaced  by  a new  one.  After  1968  there 
were  more  frequent  reports  about  cases  of  concrete  deteriora- 
tion due  to  alkali-aggregate  reaction  in  north  Germany,  and 
even  trivial  damage  resulting  from  all  kinds  of  causes  was  of- 
ten attributed  to  deleterious  alkali-aggregate  reaction.  This 
is  hardly  surprising,  since  damage  due  to  alkali-aggregate  re- 
actic.t  ca.t  easily  be  confused  with  damage  which  has  in  fact 
been  caused  by  frost  or  other  expansive  reactions. 
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c the  behaviour  of  constructions  was  necessary 
tests  in  laboratories  naturally  do  not  cover 
r.sti'uction  factors,  such  as  concrete  produc- 
conditions,  the  influence  of  the  dimensions 
units,  loading  and  stress  conditions  of  the 
d design  details. 
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terete  Tests.  Cc.T.position , Storage 
of  the  concretes  v/as  such  that  in  addition  to 
ffc-rent  strength  and  density  also  the  direct  in- 
ctr.orete  composition,  such  as  differences  in  the 
1 content  of  the  concrete  as  well  as  quantity 
:f  the  alkali-reactive  aggregates , could  be  in- 
therefore  used  for  the  testing  concretes  with 
■.te.nt  and  different  water-cement  ratio  as  well 
:ual  effective  alkali  conte.nt,  but  different 
of  cement  and  relevant  ce.ment  content.  The  wa- 
: ranged  from.  O.llO  to  O.7O,  the  ce.ment  content 


The  primary  00. rage  conditions  were  storage  in  the  open,  that 
is  exposure  t;  the  normal  'weather  conditions,  "wet  storage  at 
^0  °C  and  111  '1  relative  humidity  {fog-cham.ber)  and  dry  stor- 
age at  2C  '1  a.-.d  £5  2 relative  humidity.  To  study  in  addition 
the  influe.'.:;-  :f  the  dimjensiens  of  the  specimens,  concrete 
beams  measuri.'.g  11  cm  x iO  cm  x 50  cm  and  10  cm  and  30  cm 
sized  cube:  '..ere  made  for  the  various  tests. 


i,  -e" 

»bl 


As  evidences  oi'  deterioration  we  registered  gel  precipitation, 
efflorescence,  scaling  and  cracking  on  cubes  and  beams  and  dif- 
ferently large  longitudinal  expansions  of  beams  stored  in  the 
fog-chamber.  Especially  when  studying  para.meters , about  which 
little  is  k.nown,  the  assessment  of  the  alkali-aggregate  reaction 
solely  on  the  basis  of  expansions,  as  one  frequently  finds  in 
the  literature,  is  not  sufficient.  The  dimensions  too  may  affect 
the  deterioration.  For  example,  no  expansions  or  only  very  small 
ones  could  be  found  on  beams  and  yet  the  30  cm  sized  cubes  show- 
ed quite  substantial  cracks  and  precipitations  of  alkali  sili- 
cate gel.  V/e  therefore  used  - as  table  1 illustrates  - for  the 
assess.ment  of  the  degree  of  deterioration  a classification  of 
five  stages,  whereby  0 for  instance  means  no  expansions  and 
cracks  and  3 some  bigger  cracks,  which  would  also  in  practice  be 
described  as  more  severe  damage.  Group  5 covers  very  severe 
cracki.ng  a.nd  expansions  over  3 mm/m.  For  each  of  the  three 
types  of  storage  the  most  unfavourable  deterioration  degree  was 
determined . 


TABLE  1:  Assessment  of  Damage 


Damage  to  beams  or  cubes 
stored  in  the  open  or 
in  the  fog-chamber 


Expansions  in  mm/m 
of  beams  stored^an 
the  fog-chamber  ' 


no  cracks 

some  isolated  fine  cracks 
several  fine  cracks 

some  bigger  cracks 
(with  a width  over  0.2  mm) 
also  some  fine  cracks 

several  bigger  and  fine 
cracks 

very  severe  cracking  on 
all  surfaces 


including  an  expansion  of  approximately  0.2  ram/m 
temperature  increase  from  20  to  1)0  °C 
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Id  be  found  during  storage  in  the  fcg-char.ber  .and  at 
es  of  1)0  °C  two  to  four  weeks  after  the  start  of  the 
. As  time  passed  this  damage  increased  to  reach  its 
concrete  ages  of  6 months  to  one  year  at  the  latest 
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(damage  degree  5) 
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.re  in  the  open,  t-hat  i ;;  an  unrestricted  exposure 
,er,  ti.e  damage  op.  similarly  composed  concretes 
same  extent,  only  a little  later  (Fig.  2).  These 
in  line  with  I’indings  on  consti-uctions  in  north 
egards  their  envircr.'.r.ontal  conditions. 


n how  far  the  inherent  moisture  of  massive  cen- 
iticns  even  in  dry  surrou:, dings  is  responsible 
renco  of  a deleterious  alkali-aggregate  reaction, 
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,'snths  tliey  were  unwrapped  and  the  deterioration 
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St  therefore,  be  cc.ncluded  that  in  massive  con- 
e inherent  moisture  m;ay  suffice  to  cause  a cer- 
f da-mage.  This  problem  needs  to  be  studied 
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sandstone  (Kig.  and  to  a lesser  extent  reactive  flint.  As 
a consequence  of  various  tests  we  today  assess  the  alkali- 
reactivity  of  concrete  aggregate  on  the  basis  of  its  contents 
of  opaline  sandstone  and  reactive  flint  (see  also  recommenda- 
tions). As  table  2 shows  it  is  distinguished  between  "safe", 
"conditionally  useful"  and  "critical"  aggregates. 


proxi: 
the  s 


TABLE  2:  Assessment  of  Aggregate  with  alkali-reactive  Constituents 


Limit  values  in  % by  weigi 
for  the  reactivity  groups 

r I conditionally  I . 


Constituents 


opaline  sandstone  + o 
opal-containing  rocks 
over  1 mm 


5 X (opaline  sandstone 
other  opal-containing 
rocks)  ^ reactive  flint 


♦Si 

zes  contained  as  critical  constituents  opaline 
vas  under  adverse  conditions  possible  to  produce 
ter  •••'hether  size  range  0/32  inn  or  only  size  ran- 
zisted  of  critical  aggregate.  But  under  other- 
iitions  the  highest  degree  of  damage  was  reached 
s 2/8  nm  contained  critical  aggregate  and  the 
-igate  was  made  up  of  useful  material. 


ts  contents 
recommenda- 


the  alkali-reactive  aggregate  in  the  size  range 
found  to  sc  of  considerable  significance.  In 
ee  of  the  damage  to  the  concrete  due  to  alkali- 
ion  has  been  plotted  versus  the  amount  of  the 
aggregate  in  the  size  range  2/8  nun.  The  highest 
;=  was  mostly  reached  for  the  concrete  with  ap- 
to  25  .1  by  weight  of  alkali-reactive  aggregate  in 
2/8  mn,  cased  on  the  total  amount  of  aggregate. 


degree 
prozir.a 
the  siz 


ve  Constituent 


;e  to  concrete  due  to  alkali- 
ion  versus  the  amount  of  the 
aggregate  in  the  size  range  2/8  im 


with  a few  further  testa  we  also  studied  the  perl’orraance  of  a 
similar  concrete  which  contained  no  alkali-reactive  aggregate  of 
the  size  range  2/8  mm,  that  means  only  the  remaining  aggregate 
up  to  32  mm  was  alkali-reactive.  Here  we  merely  obtained  damage 
up  to  degree  2 instead  of  degree  5 when  the  size  range  2/8  mm 
consisted  of  alkali-reactive  aggregate. 

c)  Influence  of  the  Cement  and  the  Cement  Content 
i'he  effective  alkali  content  in  the  concrete  results  from  the 
effective  alkali  content  of  the  cement  and  the  cement  content 
per  concrete.  Although  both  factors  may  determine  the  total 
alkali  content  in  the  concrete,  they  cannot  be  evaluated  exactly 
in  the  same  way.  The  cement  content  also  affects  the  properties 
cf  the  concrete,  such  as  strength,  density,  texture  and  deforma- 
tion behaviour.  The  alkali  content  of  the  cement,  on  the  other 
hand,  hardly  changes  these  concrete  characteristics  at  all.  So 
far  cur  tests  have  shown  that  for  both  parameters  there  is  a 
certain  threshold  value,  above  which  damage  may  occur  and  that 
the  influence  of  the  alkali  content  of  the  cement  is  of  som- - 
what  greater  importance  than  that  of  the  cement  content, 
dsm.or.strates  this  behaviour  for  concrete  with  a water-c 
ratio  of  0.-~.  Only  alkali  contents  over  0.9  led  to  a more  n..-. - 
ked  deterioration,  that  is  damage  exceeding  degree  2.  At  the 
sa-tie  time,  the  cement  content  was  in  these  cases  always  at  least 
-CO  kg/m^,  with  higher  water-cement  ratios  at  least  550  kg/m^. 

Seme  preliminary  tests  (Fig.  7)  on  concretes  of  cements  with 
-Ta-O-equi valsnts  of  over  1 and  of  cement  contents  slightly  un- 
der  100  kg/r.-^  produced  damage  above  degree  2 when  the  water- 
cement  ratio  exceeded  0.55.  But  these  initial  tests  are  to  be 
followed  up  by  further  investigations. 


Conclusions 

On  the  basis  of  the  tests  carried  out  at  our  institute  and  the 
investigations  into  the  behaviour  of  concrete  constructions  the 
following  can  be  said:  A deleterious  alkali-aggregate  reaction 
could  only  be  found  on  concretes  of  an  unfavourable  composition 
when  the  specimens  had  been  subjected  to  wet  storage  or  on 
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concrete  constructions  in  wet  environmental  conditions.  However, 
tests  on  concrete  samples  whose  drying  process  had  been  inhibited 
also  showed  that  in  massive  constructions  the  moisture  inherent 
in  the  concrete  is  sufficient  to  cause  deleterious  alkali-aggre- 
gate reaction. 

The  degree  of  damage  was  mainly  dependent  on  the  composition  of 
the  total  aggregate.  As  especially  unfavourable  were  those  which 
contained  very  alkali-reactive  aggregate  in  an  amount  of  appro- 
ximately 15  to  25  ? by  weight  of  the  total  aggregate  in  the  size 
range  2/8  mm. 

Xarked  deterioration  occurred  on  wet  stored  concrete  specimens 
with  very  alkali-reactive  aggregate  ("critical")  when  the  cement 
content  in  the  case  of  a cement  with  an  effective  alkali  content 
cf  approximately  O.9O  % by  weight  NSgO-equi valent  was  5OO  kg/m^ 
and  in  the  case  of  a cement  with  an  effective  alkali  content  of 
approximately  1 ? by  weight  Na20-equi valent  AOO  kg/m^.  In  ge- 
neral, the  damage  increased  with  higher  water-cement  ratios. 

■fthen  the  deterioration  as  a result  of  alkali-aggregate  reaction 
■was  assessed,  it  became  clear  that  this  damage  on  concrete  con- 
structions can  easily  be  confused  with  damage  due  to  other 
causes.  For  the  study  of  unknown  aspects  of  the  alkali-aggregate 
reaction  it  is  not  enough  to  measure  the  expansions  of  the  speci- 
mens when  their  behaviour  is  to  be  investigated,  it  is  in  fact 
also  necessary  to  consider  the  deterioration  on  other  specimens, 
for  instance  30  cm  sized  cubes. 

Cn  the  basis  of  the  present  state  of  knowledge  the  precautionary 
measures  set  out  in  table  3 were  recommended  in  Germany  as  being 
on  the  safe  side. 
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COKI’RIBUTIONS  TO  DISCUSSIOIl 

Dr.  D.  Hirche 

I wish  to  comment  on  the  statement  of  B.  fJather  and  Dolor-l-Iantuani 
"the  re€w:tive  part  of  flint  is  the  CaCO^  - SiO^  impurity  in  flint  or 
the  leached  CaCO^": 

1)  There  are  no  reactive  parts  in  the  flint.  IB  spectroscopy  of 
fine  grains  chows  that  flint  has  very  large  numbers  of  silica  groups 
like  oped  or  pyrex  glass.  This  is  oecause  of  tiie  high  proportion  of 
lattice  defects  all  over  the  flint  grains.  We  shall  suggest  that 
alkalies  can  react  with  the  whole  grain. 

2)  Alkali  reactions  start  on  the  outer  surface  of  a silica  grain 
because  there  are  more  defects  arising  from  crystal  growth  or  from 
the  crushing  process.  However,  the  reaction  occurs  on  internal 
interfaces  too. 
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ABSTRACT 

Several  concrete  structures  in  the  Cape  Peninsula  show 
serious  cracP.ir.g  and  deterioration  due  to  dimensional  change 
The  common  factor  in  all  the  structures  has  been  found  to  be 
the  coarse  aggregate,  commonly  known  as  Malmesbury  shale  or 
Malmesbury  hcrnstone.  The  deterioration  apparently  occurs 
both  where  Icw-alkali  and  high-alkali  cements  have  been  used 
X-ray  data  were  obtained  for  the  reaction  product  in  the 
concrete  tut  attempts  to  index  it  were  unsuccessful.  The 
main  reaction  product  produced  in  the  laboratory  by  adding 
saturated  lime  water  to  Malmesbury  shale  could,  however,  be 
indexed  ana  was  found  to  agree  closely  with  calcium  silico- 
aluminate  (7). 
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Introduction 

In  South  Africa  the  existence  of  a serious  and  widespread 
problem  arising  from  the  excessive  shrinkage  of  concretes  and 
mortars  containing  certain  Karroo  aggregates  was  first 
demonstrated  by  Stutterheim  (1)  in  1354.  He  concluded  that 
the  general  cracking  pattern  observed  in  reinforced  concrete 
structures  cculd  only  be  explained  on  the  basis  of  exoessive 
shrinkage  and  expansion  of  the  concretes.  ■ Although  it  was  at 
this  stage  known  that  alkali-aggregate  reaction  could  cause 
expansion,  it  was  concluded  from  both  field  and  laboratory 
evidence  that  expansion  was  not  the  cause  of  deterioration. 
Detailed  investigations  subsequently  carried  out  by  Roper  (2) 
led  to  the  conclusion  that  problems  encountered  with  the 
dimensionally  unstable  Karroo  aggregates  were  due  to  shrink- 
age. 

In  1371,  ■ ''ing  an  Investigation  of  aggregate  generally 

known  as  M y shale  or  Malmesbury  hornstone  intended 

for  use  5 e for  a proposed  civic  centre  in  Cape  Town, 

the  NE°  -oncern  about  the  possibility  of  this  type 

of  agg  _r.g  dimensionally  unstable  in  the  presence  of 

calciU2>,  magnesiiim  and  sodium  ions.  The  investigation 
revealed  that  the  aggregate  contained  illite  and  that  the 
potassium  of  che  illite  could  be  quite  easily  replaced  by 
magnesium,  calcixim  and  sodium,  resulting  in  a vermiculite  type 
of  mineral. 

Oberholster  and  Brandt  (3)  in  1374  examined  concrete 
from  a structure  in  Cape  Town  that  showed  serious  cracking 
and  found  signs  of  cement-aggregate  reaction  which  resembled 
alkali-aggregate  reaction,  Malmesbury  shale  was  used  as  the 
coarse  aggregate. 


Incidence  of  Problem 

Following  on  the  above  finding  of  cement-aggregate  reaction 
in  a concrete  structure  which  showed  distress,  the  NBRI  was 
informed  of  several  other  structures  which  displayed  similar 
signs  of  deterioration.  These  structures  were  visited  and 
examined. 


No  attempt  was  made  to  conduct  a systematic  survey  to 
determine  the  number  of  structures  showing  the  same  type  of 
cracking.  Eleven  bridges  and  one  dam,  which  showed  the  same 
pattern  of  cracking,  were  examined.  In  addition,  a concrete 
road  was  also  beginning  to  show  signs  of  deterioration  that 
could  be  associated  with  cement-aggregate  reaction. 

The  following  is  a brief  description  of  some  of  the 
structures  that  were  inspected  and  of  the  concrete  of  which 
samples  are  beirig  investigated  in  the  laboratory. 

The  Steenbras  Dam 

The  original  Steenbras  Dam  (4)  was  a gravity  concrete 
structure  consisting  of  a curved  portion  and  two  straight 
flanks,  in  which  precast  concrete  blocks  were  used  as  forms. 
The  extreme  length  of  the  wall  was  428  m and  the  length  of 
the  spillway  67  m.  It  was  completed  in  1921. 

During  the  early  1950s  it  was  decided  to  strengthen  the 
existing  dam  and  raise  it  by  1,8  m.  In  essence  the  process 
was  one  of  placing  vertical  cables  through  the  wall  of  the 
existing  dan  from  the  crest  into  the  foundation  and  stressing 
the  cables  to  produce  stabilizing  compressive  forces  on  the 
upstream  face.  Construction  of  the  raised  portion  was 
completed  in  1954. 

Table  Kountain  sandstone  was  used  as  coarse  aggregate 
for  the  original  dam  while  Malmesbury  shale  coarse  aggregate 
was  used  for  the  457  mm-thick  raised  section. 
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Recent  inspection  has  revealed  deterioration  of  the 
components  associated  with  the  heightening  of  the  wall.  The 
raised  portion  of  the  wall  is  leaning  forward  by  an  amount 
varying  from  16  mm  in  1 m to  42  mm  in  1 m (5).  Cracks, 
similar  to  those  shown  in  Figure  1,  were  seen  in  the  southern 
wing  wall  and  other  tie  heads.  The  100  mm-thlck  reinforced 
walkway  slabs  are  under  considerable  compression;  it  is  not 
clear  whether  this  is  due  to  dimensional  change  of  the  walk- 
ways or  to  dimensional  change  of  the  tie  heads  on  which  they 
rest. 
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FIG.  1 

Cracking  in  right  flank  tern-iinal 
tie  head,  Steenbras  Dan 


Pirow  Street  Bridge 

Construction  of  the  Pirov*  Street  Bridge  took  place 
between  February  and  July  1961.  The  piers,  transoms,  longi- 
tudinal beans  and  deck  were  all  oast  in  situ.  The  coarse 
aggregate  used  v.as  Malmesbury  shale,  the  fine  aggregate  Cape 
Flats  sand  and  the  cement  was  one  with  a low  alkali  content, 
i.e,  less  than  0,60  per  cent  alkali  calculated  as  Na20. 
Cracking  of  the  transom  beams  became  noticeable  in  1965  and 
the  bridge  deteriorated  to  such  an  extent  that  remedial 
action  had  to  be  taken  only  nine  years  after  its  completion. 
Figure  2 shows  the  cracks  in  the  end  of  a transom  beam.  It 
is  important  to  note  that  the  stringer  (longitudinal)  beams 
of  two  adjacent  spans  rest  on  the  transom  beam  and  that  water 
from  the  deck  finds  its  way  down  between  the  joints  of  the 
deck  and  the  stringers  and  collects  on  th'’  surface  of  the 
transom  beam. 
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N2  National  Road 

The  1,'2  concrete  road  was  opened  in  1971.  The  coarse 
aggregate  used  was  Malmesbury  shale  while  Cape  Flats  sand 
with  a shell  content  of  about  28  per  cent  was  used  as  fine 
aggregate,  A high  alkali  cement  was  used.  A cursory  exami- 
nation of  the  road  surface  revealed  fine  cracks.  However, 
it  is  not  clear  whether  this  is  due  to  expansion  or  shrink- 
age. 

Foot  of  conductor  mast 

Cores  of  the  concrete  from  the  foot  of  a conductor  mast 
are  also  being  examined  in  the  laboratory.  The  concrete 
displayed  severe  cracking  which  appeared  to  be  due  to  expan- 
sion. Malmesbury  shale  coarse  aggregate  was  used. 

Factors  common  to  all  the  structures  that  were  inspected 
and  which  displayed  cracking  are  that  they  contain  Malmesbury 
shale  coarse  aggregate,  xhe  cements  used  had  either  a low 


FIG.  2 


South-west  end  of  transom  beam  showing 
serious  cracking,  Pirow  Street  Bridge 


alkali  or  a high  alkali  content  and  obvious  cracking  was 
usually  observed  about  five  years  after  completion  of  the 
structures. 


Hand  specimens  of  pieces  of  the  concrete  and  of  concrete 
cores  have  a characteristic  appearance  on  freshly  fractured 
surfaces. 


The  general  impression  Is  that  there  is  a dark  reaction 
rim,  0,5  to  1 mm  wide,  around  the  periphery  of  the  aggregate. 
Closer  inspection,  however,  reveals  that  a white  reaction 
product  occurs  as  a deposit  on  the  fracture  surfaces.  The 
deposit  Is  thickest  0,5  to  1 mm  away  from  the  periphery, 
forming  a distinct  white  ring  1 to  1,5  mm  wide  around  the 
inside  of  the  periphery,  decreasing  abruptly  to  approximately 
a uniform  thickness  over  the  rest  of  the  surface  (see  Figure 
3).  It  appears  that  the  reaction  product  has  been  drawn  by 
capillary  action  into  cracks  in  the  aggregate. 


kTiite  deposit  of  reaction  product  occurring 
on  fracture  surface  of  coarse  aggregate. 
Concrete  from  foot  of  conductor  mast 
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V/hite  deposits  are  also  seen  filling  voids  in  the  mortar, 
occurring  on  the  impression  surfaces  of  aggregate  on  the 
mortar  and  also  on  the  surfaces  of  aggregates,  where  the 
aggregate  and  mortar  have  broken  away  from  each  other. 


Malmesbury  Shale  ,^gregate 


The  coarse  aggregate  in  Cape  Town  generally  known  as  Malmes- 
bury shale  or  Malmesbury  hornstone  in  the  main  consists  of 
spotted  hornfels,  argillaceous  quartzite,  feldspathic  quart- 
zite, phyllite  and  baked  shale. 

There  are  nine  quarries  producing  some  2,4  x 10^  of 
this  type  of  aggregate  annually.  The  aggregate  produced  by 
the  various  quarries  can  differ  greatly  in  mlneralogical 
compositicn  and  physical  properties.  Even  in  the  same  quarry 
there  can  be  extreme  variations  as  shown  by  the  data  in  Table 
1,  which  shows  the  chemical  composition  of  aggregate  collect- 
ed from  three  different  quarries. 
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TABI.E  1 

Chemical  Composition  of  Malmesbury  Shales 


Chemical  Composition  {fo) 


Na20 

K2O 

H20'^ 

5,38 

3,04 

0,75 

2,36 

3,86 

2,64 

2,19 

3,89 

2,73 

2,74 

4,05 

2,66 

2,77 

2,67 

1,22 

2,85 

2,27 

0,98 

3,04 

2,49 

1,21 

2,49 

3,28 

1,34 

2,18 

3,80 

1,77 

2,97 

3,18 

1,37 

2,78 

3,23 

1,68 

X-ray  diffraction  trace  of  < 2 nm  fraction 
of  Malcesbury  shale,  untreated  and  treated 


El  : argillaceous  quartzite 

E2  ; spotted  hornfels 

E3  : spotted  honfels 

E4  : spotted  hornfels 

E5  : feldspathic  quartzite 

E6  : argillaceous  quartzite 

B1  : argillaceous  quartzite 

E2  : spotted  cordicrite  hornfels 

E3  ; argillaceous  quartzite 

T3  : run  of  quarry  aggregate 

PI  : run  of  quarry  aggregate  from  E 


A characteristic  feature  of  the  Kalcesbury  shales  is  the 
presence  of  lllite  which  gives  a peak  on  the  X-ray  diffrac- 
tometer trace  at  approximately  10,1  2.  After  treatment  with 
calcium  containing  solution,  the  height  of  the  illite  peak 
is  greatly  reduced  and  new  or  stronger  peaks  appear  at 
approximately  14,9  2 and  7,2  S (see  Figure  4). 
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Davis  (6)  estinates  that  90  per  cent  of  the  coarse  aggregate 
used  for  concrete  in  Cape  Towti  is  Malmesbury  shale.  As  the 
shale  does  not  readily  crush  to  a good  cubical  particle 
shape,  the  particle  shape  quality  of  the  aggregate  produced 
by  most  of  the  crushers  in  the  Cape  Peninsula  varies  from 
poor  to  fair. 

Fine  Aggregate 

The  fine  aggregate  used  in  most  of  the  concrete  in  Cape  Town 
is  known  as  Cape  Flats  dune  sand.  In  the  past  this  sometimes 
con‘t2iri'?d  sh*?!!  snd  som^'tiED^s  was  of  Howavar, 

almost  the  only  dune  sand  now  being  used  for  concrete 
contains  25-30  per  cent  shell.  The  sand  has  a narrow  grading 
95  per  cent  being  in  the  fractions  between  1 180  and  150 yum 
(6). 

Cements 

Ordinary  portland  cements  from  three  factories  are  being  used 
in  the  Cape  Peninsula.  Two  of  these  are  high-alkali  cements 
and  one  is  a low-alkali  cement.  The  chemical  analyses  of  the 
three  cements  are  given  in  Table  2. 

TABLE  2 

Chemical  Composition  of  Cements 


Cement 

No 


Chemical  Composition, 


S102 

AI2O5 

f'®2°3 

MnO 

MgO 

CaO  Na20 

K2O 

SO5 

loi* 

20,58 

4,92 

3.52 

0,09 

0,97 

63,60  0,27 

0,55 

2,77 

0,85 

20,58 

5,19 

3,56 

0,10 

1.31 

62,96  0,21 

0,88 

2,57 

1,23 

20,45 

5,05 

2,22 

0,05 

1,10 

63,22  0,21 

0,27 

2,75 

2,46 

* loi  = loss  on  ignition 
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T.?.boratorv  Investigations 
Examination  of  concrete 

Figure  5 shov.s  a polished  speoimen  of  concrete  from  the 
Pirow  Street  Bridge  as  seen  under  reflected  light.  A 
reaction  product  occurring  between  the  contact  of  the  aggre- 
gate and  the  mortar  has  a gel-like  appearance  and  shows 
desiccation  cracks.  Figure  6 is  a scanning  electron  micro- 
graph of  this  reaction  product. 


FIG.  5 

Photomicrograch  of  concrete 
from  Pirow  Street  Bridge 
showing  reaction  product 


FIG.  6 

Scanning  electron  micrograph 
of  reaction  product, 
Pirow  Street  Bridge 


Reactivity  of  Malmesbury  Shale 

Based  on  the  premise  that  the  illite  in  the  shale  could 
react  with  calcium  ions  of  the  portland  cement  as  follows 

K-illite  (10  S)  + i — ♦ Ca-vermiculite  (14  8)  + K'*^ 

thus  releasine  potassiam  ions  which  would  be  available  for 
alkali-aggreg^.e  reaction,  ASir  t-st  C ??7-71  was  carried  out 
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on  two  Malmesbury  shales  and  a quartzite  control  aggregate, 
using  a low-alkali  cement  from  the  Transvaal.  The  maximum 
linear  expansion  recorded  after  nine  months  was  0,027  per 
cent,  the  average  for  the  control  being  0,022  per  cent. 

Results  of  the  same  test  repeated  with  Malmesbury  shale 
and  the  two  high-alkali  and  one  low-alkali  cement  from  the 
Cape  are  still  Inconclusive.  The  results  for  the  control  of 
Pyrex  glass  with  the  same  cements  gave  values  of  0,041  per 
cent  for  cement  a,  0,060  per  cent  for  cement  b and  0,011  per 
cent  for  cement  c after  four  weeks. 


ete  from  the 


f the  aggre 
d shows 
tron  micro- 


Of  nine  Malmesbury  shales  tested  for  potential  reactivi- 
ty by  the  chemical  method  ASTM  C 289-71  five  were  shown  to 
be  potentially  deleterious.  All  the  hornfelses,  except  one, 
were  shown  to  be  innocuous,  while  all  the  argillaceous  and 
felspathic  quartzites,  except  one,  were  shown  to  be  delete- 
rious by  the  chemical  method. 

Malmesbury  shales  were  put  in  stoppered  conical  flasks 
with  saturated  lime  water  at  22°C.  In  time  a white  gel 
appeared.  All  the  samples  shown  to  be  innocuous  by  ASTM 
test  C 289-71  produced  the  reaction  product  within  three  days 
after  the  addition  of  lime  water  while  all  the  samples  shown 
to  be  deleterious  by  the  test  produced  the  reaction  product 
only  after  19  days.  The  amount  of  reaction  product 
increases  with  time.  Almost  no  reaction  product  is  produced 
at  3S°C,  and  a fair  amount  at  10°C. 

Water  extracts  of  cements  a,  b and  c (Table  2)  were 
prepared  and  added  to  the  Malmesbury  shale  aggregate  E2.  A 
reaction  product  appeared  first  with  the  extract  of  cement  c 
and  the  amount  produced  after  six  weeks  was  more  than  twice 
the  amount  produced  with  the  extracts  of  cements  a and  b. 

Reaction  product 

Examination  with  the  SEM  of  the  reaction  product 
produced  by  adding  saturated  lime  water  to  Malmesbury  shale 
showed  a mat  of  long  slender  fibres  occurring  together  with 
a gel-like  mass  (Figure  7).  Calcium  carbonate  and  an 


micrograph 

oduct, 

ridge 


shale  could 
follows 
(14  8)  + 
lable  for 
carried  out 


occasional  perfectly  developed  crystal  resembling  hydrogarnet 
were  also  present. 


Scanning  electron  micrograph  of  reaction 
product  of  Malmesbury  shale  with  Ca(OH)p 


X-ray  diffraction  analysis  done  on  the  reaction  product 
of  Malmesbury  shale  with  saturated  lime  water  gave  values 
that  agreed  fairly  well  with  the  values  reported  by  Carlson 
and  Berman  (7)  for  calcium  silicoaluminate.  The  reaction 
product  in  the  concrete  gave  d -values  that  varied  from 
structure  to  structure,  the  only  resemblance  being  that  in 
all  the  samples  d-values  of  9,4  2 and  higher  are  recorded. 
The  results  for  the  reaction  product  of  Malmesbury  shale 
with  saturated  lime  water  are  compared  with  the  values  given 
for  calcium  silicoaluminate  by  Carlson  and  Berman  in  Table  3 


. i' - ^ 

- ' • a: 

TABLE  3 


X-ray  diffraction  values  of  reaction 
product  and  calcium  sillcoaluminate  (7) 


Relative 

intensity 


Relative 

intensity 
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1 : Kslnesbury  shale  + saturated  lime  water 

2 : Calcium  silicoaluminate  (7) 


Conclusions 

The  cracking  observed  In  the  Cape  Peninsula  for  structures 
built  with  concrete  containing  Malmesbury  shale  as  coarse 
aggregate  has  not  so  far  been  simulated  In  the  laboratory. 

No  expansion  of  mortar  bars  made  with  Malmesbury  shale  and 
either  low-alkali  or  hlgh-alkall  cements  and  tested  in 
accordance  with  ASTM  C 227-71  was  observed.  The  ASTM  C 289- 
71  chemical  test  for  reactivity  yielded  anomalous  results  in 
the  case  of  Malmesbury  shale. 

A reaction  product  was  observed  in  all  the  affected 
structures.  In  all  instances  X-ray  diffraction  data  give 
high  d-values  for  the  product.  It  could  not  be  proved  that 
the  reaction  product  is  the  cause  of  the  deterioration  of 
the  concrete. 

A gelatinous  reaction  product  is  produced  when 
saturated  lime  water  is  added  to  Malmesbury  shale.  X-ray 
diffraction  data  for  the  crystalline  component  agree  closely 
with  the  values  reported  by  Carlson  and  Berman  (7)  for 
calcium  slllcoaluminate . 
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THE  PROBLEM 


Abnormal  cracking  of  concrete  at  several  localities  in  the  Cape 
Peninsula  and  Western  Cape  area  has  been  observed  during  the  past 
5 to  10  years.  This  specific  phenomonem  ("map-cracking")  In  con- 
crete about  3~5  years  old  seems  to  occur  only  under  the  particular 
condition  where  moisture  Is  present  either  continuously  or  fre- 
quently. Or.  Oberholster  (I)  and  Mr.  Planagan  (2)  will  have  des- 
cribed the  problem  fully  by  now. 


In  the  course  of  his  Invest  I gat  Ions , at  the  National  Sulldtng 
Research  Institute,  Or.  Oberholster  found  that  a reaction  occurred 
between  lime  water  and  a sample  of  Malmesbury  Shale  (frequently 
used  for  coarse  aggregate)  in  his  possession.  The  reaction  pro- 
duct had  an  appearance  similar  to  an  al Imlnlum-hydroxide  precipitate 


Although  our  Company  has  no  direct  interest  In  the  manufacture  or 
use  of  coarse  aggregate  or  concrete,  as  the  major  manufacturers 
of  cement  In  the  area  the  management  of  the  Cape  Portland  Cement 
Company  felt  that  we  should  interest  ourselves  In  this  problem 
and  see  whether  we  could  do  anything  to  alleviate  it. 


POSSIBLE  SOLUTIONS 


We  previously  manufactured  a Marine  cement  containing  a pozzolan 
(calcined  shale),  and  one  of  the  main  functions  of  this  pozzolan 
was  to  react  with  the  calcium-hydroxide  set  free  during  the  hy- 
dration of  the  Portland  cement  portion  of  the  "Cemarinc",  rende- 
ring it  insoluble,  so  reducing  the  ultimate  porosity  of  concrete 
structures  and,  inter  alia,  adding  to  their  ultimate  strength. 


It  seemed  logiral,  therefore,  to  carry  out  tests  In  an  attempt  to 
determine  whether  calcined  shale.  In  finely  divided  form.  In  con- 
crete, would  tend  to  react  with  liberated  calcium-hydroxide  BEFORE 
this  material  could  react  with  the  coarse  aggregate,  and  so  pre- 
vent the  disruptive  expansion  which  has  occurred  In  some  concrete 
structures,  as  mentioned  above.  An  alternative  solution,  of 
course,  may  be  to  incorporate  finely  ground  Malmesbury  Shale  In 
the  concrete. 


As  full  scale  situ"  tests  would  obviously  take  years  to  yield 


results,  we  gave  cons tderat ion  to  devising  some  form  of  test  method 


which  would  at  least  give  an  Indication  of  the  efficacy,  or  otherwise 


of  the  proposed  remedial  measures 
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EXPERIMENTAL  PROCEDURE 

An  '‘extract’*  of  the  soluble  hydration  products  (mainly  calcium  hy- 
droxide) of  cement  was  made  by  shaking  10  grams  of  cement  with 
100  ml  water,  in  a closed  vessel  in  an  automatic  shaker,  for  seven 
days.  This  gave  the  cement  a reasonable  time  to  hydrate,  and  kept 
the  reaction  products  In  intimate  contact  with  the  water.  The  mix- 
ture was  then  filtered,  and  the  clear  filtrate  kept  In  a tightly 
stopperee  vessel. 

Similar  cAtracts  were  made  using  two  ordinary  portland  cements 
(one  "high"  and  one  "low"  alkali)  and  one  sulphate  resisting 
cement  (low  alkali). 

These  extracts  were  then  placed  in  250  ml  rubber-stopped  erlenmeycr 
flasks,  together  with  $0  grams  of  coarse  aggregate  (crushed  to 
minus  half-inch  size).  In  some  cases  finely  ground  calcined  shale 
was  added  as  well.  The  flasks  were  shaken  for  a few  minutes, 
then  allowed  to  stand  undisturbed  in  a constant  temperature  room 
(22  to  25®C),  and  observed  weekly. 

TABLE  I 

Details  of  experiments  set  up 


No. 

Dace 

A q 

r c g a t e 

Calc. 

Shale 

Wt. 

gm. 

Ixss. 

0 

Apr j I ' 76 

o 

o 

D.H.  Limestone 

- 

300 

1 

300 

Malmesbury  shale 

- 

300 

2 

May  *76 

♦ 100 

Dolomitic 

- 

♦ 100 

3 

M 

+200 

Granitic 

- 

♦200 

<1 

tl 

♦ 100 

Ooioni tic 

- 

fiOO 

5 

11.6.76 

so 

Malmesbury  shale 

- 

100 

6 

M 

so 

M (1 

o.s 

100 

7 

.. 

so 

II  II 

2.S 

100 

8 

M 

so 

li  II 

- 

100 

9 

• 1 

so 

It  II 

o.s 

100 

10 

tl 

so 

M II 

2.S 

100 

IS 

2.7.76 

so 

II  II 

- 

100 

16 

M 

so 

M II 

o.s 

100 

100  Ext.OPC  high  alk. 


100  Ext. SRC  low  alk. 


100  Ext.OPC  low  alk. 


Numbers  11  and  \U  were  mixtures  of  5 gn’  OPC,  25  gn  M.  shale  and 
100  ml  water.  Numbers  12  and  13  were  the  same,  tut  with  added 
calcined  shale.  The  mixtures  were  shaken  for  a week  and  then 
allowed  to  stand.  It  Is  Impossible  to  see  whether  reactions  are 
occurring  or  not. 

OBSERVATIONS 

In  table  2 below  the  symbols  have  the  following  meanings  with  re* 
gard  to  visible  reaction  (or  lack  of  it): 

* Definite  negative 
0 Uncertain 

Definite  positive 

TABLE  2 

Observations  recorded  weekly 


Reaction  showed  up  after  days 
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Observation  for  week  ending 


Number  11/6  18/6  25/6  2/7  19/7  16/7  23/7 


The  positive  reactions  between  the  I Iniewater/cefnent  extracts  and 
the  Malrvesbury  sha!e  show  up  quite  definitely  after  3 to  4 weeks 
and  can  bo  clearly  seen  on  colour  slides  and  colour  photographs. 

(The  reaction  with  the  granite  sample  took  over  two  months  to  show 
up  and  is  still  nild  compared  with  that  of  the  Malmesbury  shale). 
Where  the  powdered  pozzolan  is  present  it  is  not  really  possible 
to  say  that  there  is  definitely  no  reaction  occurring  because  of 
the  "r.askiog'‘  effect  of  the  powder.  There  is  certainly  no  "floe*' 
flcatirg  srcur.d  Ir.  the  Supernatant  liquid,  as  is  the  case  In  num- 
bers 5t  3,  15  and  18  (this  can  also  be  seen  on  the  slides  and 
photos).  Hopefully  the  Ca(0H)2  is  reacting  with  the  calcined 
shale  instead  of  with  the  Malmesbury  shale.  At  any  rate  the  re- 
action appears  to  be  independent  of  the  alkali  content  of  the 
cement . 

FUTURE  programme 

It  is  suggested  that  future  tests  should  be  based  on  the  ASTM 
C227  test  for  potential  alkali  reactivity  of  cenent-aggregatc  com- 
binations (nortar-bar  method)  - an  expansion  test. 

The  test  will  have  to  be  modified,  however,  to  use  concrete  speci- 
mens instead  of  mortar  bars,  and  similar  bars  will  have  to  be 
stored  uncer  different  conditions,  e.g.  one  lot  in  air  (dry),  a 
second  lot  in  a high  humidity  cupboard;  a third  lot  under  water, 
and  a fourth  lot  subjected  to  alternate  wetting  and  drying  cycles. 

Each  of  t*'e  above  lots  will  need  to  be  made  up  with  “pure" 
cements  and  with  canenis  containing  varying  proportions  of  calcined 
shale  and  varying  proportions  of  finely  ground  Malmesbury  shale.  It 
will  probably  be  worthwhile  trying  a few  samples  In  the  autoclave 
to  see  whether  it  Is  possible  to  speed  up  the  reaction,  buy  any  re- 
sults obtained  would  have  to  be  treated  with  considerable  reserve 
until  such  time  as  long-term  results  were  available  for  confirmation. 
References : 

(1)  Session  Or.  R.E.  Oberholster,  C.S.I.R.,  South  Africa, 
“Report  of  reactive  concrete  aggregate  from  the  Cape  Penin- 
sula South  Africa". 

(2)  Session  Mr.  J.  Flanagan,  P.C.I.,  South  Africa, 
(Cement-aggrcg<3te  reactivity  problems  in  South  Africa). 
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Ki.v:r«'  CF  UP  TO  DATE  INVESTlCATiO.'lE  OF  Al-KALI  ElUkCTION 
i;;  CC.’.Cf.FTE  WITH  AGGREGATEG  FROM  BA.GIC  COUBCF3  IN  SOME 
REGIONS  OF  YUGOSLAVIA 

If.  P«indurovl6  and  T«  Dn?l6 

IXtbough  the  aLkiili<-afrgr«sate  reaction  phenomena  haye  been  known  for  more 
than  thirty  fire  yeara^  firat  inveetl^ationa  in  this  direction  have  been 
carried  out  in  Tugoelavia  aa  late  aa  I960  year*  To  the  neceaaity  of  teat- 
Ing  materiala  for  poaaible  alkali-aggregate  reaction  firat  pointed  out 
Institute  for  Testing  Kateriala  in  Beograd,  during  preliminary  teatinga 
of  concrete  and  concrete  components,  which  had  to  be  used  for  building 
a large  gravitational  dan  on  the  river  Drina**« 

By  these  preliminary  inveetlgationa  has  been  established  that  cements 
which  were  available  for  this  object  had  an  alkali  content  of  more  than 
0*6  % and,  by  the  mineralogical  analysis  of  perspective  aggregates  from 
sources  closest  to  the  object,  has  been  found  that  the  percentage  of  chert 
in  different  fractions  of  aggregates  is  from  2 ^ to  11*^  % (Table  1)« 

Table  1 


Fraction,  Chert  content,  percents 

S3  Bzcavation  site  1 Bxcavation  site  2 Excavation  site  3 


2-8 

9.3 

2.4 

5.2 

8-16 

11.5 

10.4 

5.2- 

16-65 

6.8 

2.6 

2.0 

63-150 

0 

0 

0 

* Institute  for  Testing  materials,  Beograd,  Vojvode  HiSi6a  ^3* 

*•  Drina  is  the  major  tributary  of  the  river  Sava,  with  the  lenght  of 
more  than  300  ks  and  with  the  river  basin  area  of  about  20,000  km^^ 
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Data  presented  had  shown  that  further  investifatlons^to  prove  wether 
an  alkali>aggregate  reaction  Is  taking  place,  should  proceed* 


Inveetigations  which  were  carried  out  are  as  follows 


1*  Testing  of  alkali  reactivity  of  chert  by  a fast  chemical  method 
according  to  ASTM  C 289-58  T* 


2*  Investigation  of  cherts  structure  by  X - ray  difractior.  aethed 


B - Mixture 


3*  Testing  of  chert  activity,  according  to  the  Yugoslav  standard 
B*C  l*0l6  (Standard  for  testing  activity  of  poszolan)* 


standar 


Investigation  of  chert  activity,  by  the  accelerated  method  of 
cement  resistance  to  sulphate  corrosion  testing  (Method  I.I* 
Karpinskl  *). 


Investigatio: 
ments  of  weii 
subjected  to 
and  drying  p< 
probes  were  ] 
sand)  and  wil 


Tiret  two  testing  methods  are  common  procedures  to  identify  harnfull 
ingredients  in  an  aggregate  which  could  possibly  produce  tee  alkali- 
®KKr«gate  reaction*  Investigations  by  3 and  k were  not  used  for  Iden- 
tification of  alkali-aggregate  reaction  before,  but  It  have  been  chosen 
as  additional  proofs  fo  the  possible  chert  reactivity* 


Series  XT 
Portland  c< 


Investigations  by  the  method  3 were  carried  out  by  making  mortar  probes 
with  grinded  chert  (separated  from  the  aggregate)  and  comparing  its 
compressive  and  flexural  strenghts  with  strenghts  of  corresponding  probes 
made  with  grinded  quartz  sand  and  grinded  pozzolan  opaline  breccia* 

All  these  materials  were  grinded  and  sieved  to  the  fineness  better  than 
90/4  . 


Portland  cc 
(separated 


Pozzolanlc 
30  % opalin 
sand* 


Beeults  of  this  test  are  given  in  the  Table  2 


Karpinskl  I,  I.  Aurcentetion  de  la  resistance  a la  corrosion  du 
mlcro-beton  par  la  substitution  limitee  calcaire  dans  le  granulat 
quartzeuz*  - Pevue  des  cateriaux  Wo*  5^8  (1993)* 


All  probes  we 
Mechanical  ch 
Table  3. 


Besults  of  ae 


}T«  wather 


Table  2 


I Kethod 


aatbod 


B - Mixture  of  Rinded  chert  with  hydrated  line  and  atandard  Band. 

Z - Mixture  of  Rinded  quarts  aand  with  hydrated  liaa  and  atandard  aand. 
01  - Mixture  of  grinded  possolan  opaline  breccia  with  hydrated  line  and 
atandard  aand. 


Inxeatigationa  by  the  method  4 were  carried  out  by  comparatire  neaaura- 
ments  of  weight  loaa  of  mortar  priamea  (^x4xl6  cm).  Teat  probea  were 
aubjectad  to  cyclic  aubmeraiona  into  the  aaturated  aolution  of  Ma^SOj^ 
and  drying  perioda  on  30*’c  and  30  % relatire  humidity.  Tour  aeriea  of 
probes  were  prepared.  All  probes  were  made  of  mortar  1:3  (eesentistandard 
sand)  and  with  W/C  • 0,30« 


harmfull 
e alkali- 


for  ideU' 


been  chosen 


Series  ZT 

Portland  cement  with  23  % of  cement  substituted  by  grinded  quarta  sand 


ortar  probes 
ring  its 
ponding  probes 
breccia, 
better  than 


Series  EQ 

Portland  cement  with  23  ^ of  cement  substituted  by  grinded  chert 
(sejiarated  from  an  aggregate). 


Series  ZW 

Poxaolanie  cement  (the  same  Portland  cement  as  for  other  series  with 
30  % opaline  breccia),  23  % of  cement  substituted  by  grinded  quarts 
sand. 


Series  U 

Possolanic  cement  with  23  % of  cement  substituted  by  the  grinded  chert 


^anulat 


All  probes  were  cured  for  2d  days  in  water  before  the  actual  testing. 
Mechanical  characteristics  tested  were  efte'.  28  days  as  follows  in  the 
Table  3. 


Besults  of  accelerated  corrosion  teats  are  given  in  diagrames  1 and  2 


8*rl«6 
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kp/em^ 

Tlexural  strenght 
kp/cm* 
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0 

0 

c 

0 
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OB 

172 

'*1.5 

iablo  3 


Series  of 
probes 

CompreeelTe  strenght 
kp/c«^ 

Flexural  strenght 
kp/cm^ 

13 

258 

39.5 

EU 

237 

38.3 

rd 

204 

35.6 

EX 

210 

41.3 

On  the  basis  of  all  nethods  presented  has  been  concluded: 

- The  ag^eg^ate  la  not  reactive  according  to  the  first  nethod  (iSTN 

C 289-38  T).  This,  by  results  obtained  by  other  autora,  is  not  all- 
ways corresponding  to  the  real  behavlotir  of  the  aggregate  in  concrete 
and  it  can  be  Inconsistent  with  results  of  the  other  testing  nethodsa 

- Investigation,,  by  the  X - ray  difraetion  are  showing  the  crystal 
structure  of  chert,  which  correspond  to  the  - quartz. 

- The  finely  grinded  chert  is  not  showing  any  activity,  based  on  activity 
tests,  and  its  behaviour  is  the  same  as  that  of  the  pure  quartz  sand 
grinded  to  the  sane  fineness  in  cooposltlon  with  the  hydrated  line, 
while  control  expericenta  with  the  pozzolan  opaline  breccia  are 
showing  an  activity  corresponding  to  the  170  kp/cB^  coapreselve  strenght 
of  probes. 

- The  sane  conclusion  can  be  obtained  on  the  basis  of  testings  by  the 
method  4.  From  tests  results  could  he  established  that  the  series  KH, 
in  which  23  % of  the  cecent  was  substituted  with  the  finely  grinded 
chert,  had  not  shown  any  retarding  effect  to  the  deterioration  of 
probes  in  the  sgresslve  solution  compared  to  the  series  KT,  with  239^ 
of  grinded  quartz  sand.  Thin  conclusion  is  valid  also  for  series  EW 
and  EX. 

Since  all  conclusions  are  consistent,  it  was  established  that  the  aggre- 
gate froo  the  river  Drina  basin  is  not  reactive. 
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r««  7«ars  «ft«r  th«a«  Icltial  lnT«sti^atloDn  started  broader  teetlnga 
of  aggregates  froo  Drlna  basln«  both  upstreaa  and  downatreaa  froa  the 
daa  aentioced*  These  teatioga,  although  not  performed  in  a aaall  scale, 
are  atill  cot  cocrletelj  aysteoatlc*  Howerer,  results  gave  sutable 
data  about  reactlTltlea  or  nonreaetielties  of  aggregates  obtained  froa 
earlo\ia  locations  along  the  rlrer*  Besides  the  other  points,  it  has 
been  dceocstrated  that  aggregates  from  earious  deposits  close  to  the 
Boutb  of  Drlna  and  downstreaa  from  the  daa  aentioned  are  potentialy 
reactiTe,  so  that  an  aggregate  from  this  region  should  be  tested  before 
its  \tse  as  a concrete  eoaponent* 


9xural  strenght 
kp/c«^ 


la  the  future,  during  the  next  few  years,  investigations  about  reaeti< 
▼Ity  of  gTSTel  and  silicate  aggregates  along  the  river  Drina  will  be 
completed  and  eystematized  to  obtain  complete  survey  of  aggregates 
behaviour  froa  the  Drlna  basin* 
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Some  incocplete  and  local  Investigations  of  aggregates  reactivities 
were  performed  in  various  parts  of  Yugoelavia,  in  much  smaller  scale* 
Systematic  isveetigationa  started  two  years  ago,  with  aggregates  froa 
the  river  Velika  Korava*  and  along  the  whole  river  basin  of  Velika 
Morava*  These  investigations  are  proceeding  and  will  be  completed  in 
few  more  years* 
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Investigations  were  proposed  and  programmed  by  Institute  for  Testing 
materials,  which  is  carrying  out  the  whole  programm*  Investigations  are 
including  testinga  of  very  numerous  samples  of  aggregates  from  many 
separations  along  the  Morava  basin*  Aggregates,  which  are  of  the  silicate 
origin,  are  subjected  to  complex  testings.  Including  minersloglcal  lnve<- 
stigations,  investigations  by  the  chemical  ASTM  method,  investigations 
on  mortar  probes  and,  in  the  farther  phase,  testings  on  larger  concrete 
speciaeos*  Together  with  laboratory  testings  will  be  investigated  beha- 
viour of  concrete  objects,  which  in  the  past  were  builded  with  aggrega- 
tes from  the  same  origin  and  which  are  subjected  to  conditions  favorable 
for  the  development  of  alkali-silicate  aggregate  reaction  in  concrete* 
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t^ellka  Morava  is  a Danube  tributary,  with  the  lenght  of  21^  km  and 
with  a river  basin  of  56,000  km  * 


It  baa  to  be  stated  that  up  to  date.  Is  TuROslaela  Mere  not  obaerred 
»Dj  dajBagea,  due  to  alkall-alllcate  ait^regate  reaction,  In  concrete 
objects. 


rirst  reaults  of  complex  Ineeatigatlons  of  aggregates  from  Vellkn  Morava 
basin  are  Indicating  that  It  la  a potentla&7  reactive  material.  If  It 
will  be  confirmed  during  the  further  investigations  and  so  if  aggregates 
are  reactive  wibeut  doubt.  It  will  ba  necessary  to  prevent  alaall-aggrs> 
gate  reaction  In  concrete  objects  bullded  with  such  aggregates.  It  will 
bo  a very  difficult  task,  since  Velika  Morava  basin  is  one  of  the  basic 
sources  of  aggregate  In  this  part  of  Yugoslavia  and  up  to  now  its  uas 
In  concrete  objects  building  was  quite  sueceesfull. 


,*i  • V.t?.;!?* 


NUMBER 


'F  SUBMERSIONS 


jaes& 


EXfAHSiou  0?  co::car:?ii 
■\'E'.V  ZEALAt.’D 


D.a.  3t  John 


Chenistry  Division 

Department  of  Scientific  and  Industrial  Kesearch 
Petone,  1,'ew  Zealand 


The  expansive  behaviour  of  concrete  containing  (a) 
Katahina  greywacke-argillite  (0.04;^  in  12  years)  and  (b)  a 
lightweight  aggregate  produced  by  heat  treatment  of  Oxford 
argillite  (0.1 3/»  in  5.5  years)  is  described.  The  reaction 


or.  for  the  expansion  of  concrete  containing  Katahina 
ke-argillite  is  still  not  known.  An  alkali-silica 


reaction  is  unlikely  to  have  been  the  cause  of  the  expan- 
sion as  both  pozzolan  and  low  alkali  cement  were  used  and 
no  sign  of  alkali-silica  reaction  was  found  by  petrographic 
examination.  Calciiin  oxide  was  identified  in  the  fired 


Oxford  argillite,  but  the  expansive  reaction  due  to  the 


ion  of  this  calcium  oxide  is  unusual  because  of  its 


IKTJiODUCTIOM 


The  expansion  of  concrete  due  to  alkali-aggregate 
reaction  has  been  found  to  be  caused  by  a reaction  between 
the  alkalis  present  in  cenent  and  certain  types  of  silic- 
eous Binerals  giving  rise  to  the  formation  of  expansive 
alkali-silica  gels.  This  reaction  was  extensively  re- 
viewed by  Eredsdorff  et  al^'^  and  many  other  investigations 
have  been  reported  since.  ;;ore  recently,  another  type  of 
alkali-aggregate  reaction  has  been  described  v;hich  appears 
to  involve  the  interaction  of  the  cement  alkalis  v;ith  some 
of  the  clays  present  in  greywackes,  argillites  and  phyllit- 

es,  causing  a slow  but  steady  expansive  reaction  which  in 

(2 

some  cases  has  continued  for  over  thirty  years.'  ’ ' 


The  clays  identified  to  date  are  interlayered  vermi- 
culite  chlorite  and  possibly  montmorillonite.  It  has  been 
suggested  that  the  cement  alkalis  remove  interlayer  cement- 
ing precipitates  of  alumina  and  silica  from  these  clays 
allowing  chemisorption  of  watei’  on  the  newly  formed  sur- 
faces with  resultant  sv;elling  pressures.  Gen. rally  the 
reaction  has  been  characterised  by  the  absence  of  alkali- 
silica  gel,  but  where  this  has  been  present  it  has  been 
attributed  to  being  derived  from  the  interlayer  silica. 
Tests  have  indicated  that  the  expansive  reaction  is  supp- 
ressed by  the  addition  of  pozzolanic  material  to  the 
(2^ 

concrete. ' ' 


LV,  in  j;cw  Zealand,  two  cases  of  expansive 
•-  ::or.crote  involving  a nixed  groywacke-argillite 
'on  Katahina  and  a fired  lightweight  argillite 
becar.e  apparent.  Preliminary  investigations 
JL~,  in  both  cases,  alkali-clay  reactions  might 
7rSs  paper  reports  the  result  of  investigat- 
e two  aggregates  and  attempts  to  relate  the 
tr.ose  already  described. 


AGGREGATES 


irgillite 


Prior  tc  the  conatruction  of  the  I'atah.ina  hydro  project, 
located  on  the  Rangitaiki  River,  Bay  of  Plenty,  the  durabil- 
ity of  the  local  greyv/acke  was  questioned.  Breakdown  of  the 
aggregate  in  stock-piles  was  noted  and  ascribed  to  the 
presence  of  significant  proportions  of  argillite.  As  a 
result  of  investigations  it  was  reconir.ended  that  1 atahina 
greywacke  should  not  be  used  in  any  concrete  subject  to 
exposure,  especially  face  concrete,  but  its  use  in  mass  con- 
crete should  be  satisfactory.  Kataliina  greywacke  was  used 
for  the  r.ain  structure  which  is  of  earth  core  design. 


ons  might 


As  part  of  the  above  investigations,  concrete  test 
specimens  were  prepared  using  Tatahina  greywacke-argillite 
and  Kutt  Valley  greywacke  a material  of  long  proven  perform- 
ance, to  a nix  design  specified  by  the  Ministry  of  Vorks  and 
Development.  Some  of  these  specimens  were  retained  on  an 
outdoor  exposure  site  to  determine  their  long  tern  durability 
The  details  of  the  concrete  nixes  used  are  given  in  Table  1 . 
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Sar.nle 

HA 

17A 

Aggregate 

Ifatahina 

Hutt  Valley 

Cement  -i-  pozzolan  (kg/n>^) 

410 

410 

Pozzolan  (/•  replacement  of  cement 

12.5 

12.5 

V/C+P 

0.50 

0.50 

Air  content  {■%) 

2.8 

3.3 

Slump  (mm) 

18 

28 

Date  mixed 

30/1/63 

31/1/63 

Length  change  (‘i  in  12  years) 

+0.04 

-0.01 

The  cecent  used  was  am  ordinary  Portland  type  with  0.32% 
Va^O  equivalent  alkali  contant  and  the  pozzolan  Whirinaki 
diatanaceous  pusicite.  The  beas;s,  75  x 75  x 290nm  in  dimen- 
sion, were  cast  and  cured  in  100-*  r.h.  for  seven  days  at  ?1C 

(4 ) 

and  then  transferred  to  the  outdoor  exposure  site.  ' 


The  Hutt  Valley  greywacke  is  a good  example  of  the  New 
Zealand  greywacke  which  is  widely  used  as  an  aggregate  and 
has  been  described  by  Kennerley  and  St.  John.^^^  The 
Katahina  greywacke  is  similar  but  differs  in  some  details. 
The  aggregate  contains  about  \0%  of  argillite  (which  is 
usually  absent  from  good  grade  greywacke  aggregates)  and 
approximately  3%  of  rhyolite,  ignimbrite  and  pvunice  are 
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present.  Che  siltstone  to  sandstone  grades  of  the  greywacke 
show  typical  texture  and  are  composed  predominantly  of  quartz 
feldspars,  scattered  tiny  mica  flakes  and  tiny  chips  of  fine 
grained  volcanic  rock  and  argillite.  The  greyivaoke  contains 
rare  irregular  veinlets  of  '•.•hite  encrustations  of  laumontite. 


Some  of  the  grejn-.'acke  fragments  are  a yellow  brown  colour  and 
possibly  have  been  derived  from  weathered  terrace  gravels. 

The  argillite  fragments  are  smaller  in  size  than  the  grey- 
wacke, less  hard  and  often  easily  broken  by  hand.  Mineral- 
ogically,  the  argillite  is  similar  to  the  greywacke  but  con- 
tains a higher  proportion  of  clay  minerals.  The  above 
description  cf  hatahina  greywacke  is  a private  communication 


Valley 


The  large  deposit  of  argillite  located  in  the  Ashley 


Gorge,  near  Cxford  in  the  Canterbury  Province,  has  been  in- 


rinaki 


.d  found  suitable  as  a raw  material  for  the  man- 


ufacture of  an  expanded  light-weight  aggregate.'^'  Tests 
showed  that  another  large  deposit  of  argillite  located 
behind  the  vell^rigton  Patent  Slip  was  also  suitable  and  the 

results  for  this  material  are  included  for  the  purposes  of 
f- ' 

oomparison. As  these  t-.;o  deposits  appeared  to  have  good 
potential  as  raw  materials  for  commercial  production,  quant- 
ities of  expanded  lightweight  argillite  were  produced  in  a 
pilot  rotary  kiln  at  1 1 5OC  and  a full  range  of  concrete  tests 
carried  out.  Details  of  mixes  are  shown  in  Table  2,  and 
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Large  deposits  of  argillite  are  not  comnion  in  Kew  Zealand 
as  most  argillite  is  interstratified  with  the  greywacke.  The 
Patent  Slip  argillite  is  a slightly  metamorphosed,  indurated, 
pale  green-grey  claystone  vath  some  chert  pods.  The  Oxford 
argillite  is  slightly  finer  grained  in  texture  and  blue  black 
in  colour.  Both  argillites  show  incipient  foliation. 


EFFECTS  OF  LOKO  TBRll  EXPOSURE 

(a)  Katahir.a  greywacke  - argillite.  Foi  the  first  two  years 
the  specimens  containing  Hatahina  greyv^acke  were  relatively 
stable,  but  since  then  they  have  expanded  at  a slow  rate,  un- 
til at  the  end  of  twelve  years  the  length  change  is  +0.045i  and 
still  continuing  undiminished.  In  contrast,  the  specimens 
containing  the  reference  aggregate,  Hutt  Valley  greywacke, 
contracted  quickly  within  the  first  two  years  and  the  length 
change  has  now  stabilised  it  -0.01>5.  Under  low  power  stereo- 
microscopic  examination  both  sets  of  specimens  appear  similar 
and  show  normal  weathering  and  nicrocracking.  ■ 

(b)  Fired  Oxford  argillite.  The  dimensional  changes  of 
specimens  containing  fired  Oxford  argillite  and  some  combin- 
ations with  dense  Hutt  Valley  greywacke,  and  also  of  fired 
Patent  Slip  argillite  are  shown  in  Table  2.  Like  the 
Katahina  greywacke  concrete  these  specimens  were  relatively 
stable  for  the  first  two  years  but  once  expansion  started  it 
continued  \mdininished.  By  contrast,  the  fired  Patent  Slip 
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ar(7illite  is  stable.  Under  lov  power  ex.-junination  the  concrete 
beans  with  low  cenent  contents  are  showing  signs  of  consider- 
able weathering  while  sono  of  the  beans  with  high  cement 
contents  cracked  in  half  when  lifted  from  the  site  for  measure- 
ment. 


The  details  and  results  of  the  petrographic  examination  of 
the  concheto  beams  ccntaining  th.e  above  aggregates  are  given  in 
the  appendix. 


Samples  of  greywacke  and  argillite  were  handpicked  from 
the  Katahina  greywacke-argillite  used  for  the  concrete  tests, 
crashed  to  pass  a 52  mesh  sieve  and  shaken  for  sixteen  hours 
in  water  at  pH  9*  The  minus  2 um  fraction  was  removed  by 
centrifuging  and  the  fractions  were  analysed  by  powder  X-ray 
diffraction,  thermal  analysis  and  infra  red  spectroscopy. 
Similar  procedures  were  applied  lo  the  Oxford  and  Patent  Slip 
argillites  both  in  the  raw  and  fired  states.  In  addition 
V/hites  microscope  test  for  free  line  was  applied  to  some  of 
the  fired  argillites. 


concrete 


ISULTS  OF  CLAY  AHAXY3E3 


(a)  Results  of  the  analyses  showed  the  handpicked  greywaoke 
and  argillite  fractions  of  the  Katahina  aggregate  to  be  almost 
identical  apart  from  some  minor  details.  Approximately  10;» 
and  of  the  minus  2 urn  fraction  were  recovered  from  the 


.ation  of 


greywacke  and  argillite  respectively.  The  minus  . 2 urn  fract- 
ions were  principally  quartz,  feldspars,  iron  chlorite  and 
either  illite  or  finely  divided  micaceous  material.  The 
chlorite  peaks  were  destroyed  by  digestion  in  1 is  HCl  at  85C 
for  4 hr  and  many  of  the  chlorite  peaks  were  removed  or 


given  in 


flattened  by  heating  at  550C.  Attempts  to  expeind  the  clay 


structures,  both  v.-ith  glycerol  in  v;ater  and  ethylene 
glycol  in  the  vapour  phase  at  60C,  with  and  without  as  the 


cation  were  unsuccessful.  A typical  set  of  .i3D  results  are 


shoivn  in  figure  1 . The  2 to  300  um  silt  fractions  consisted 


(b)  Results  obtained  from  analysis  of  the  Oxford  and  Patent 
"Slip-'argiliiTes  appeared  sTniiar  to  that -reported  al^ve.**" 
Approximately  7;i  of  the  minus  2 um  fraction  was  recovered 


from  each  of 


;d  calcite  for  the  fired  Oxford  argillite  and 
'eldspars  only  for  the  fired  Patent  dlip  material 


r 


'hites 


alteratioi 


minus 


test  gave  a positive  result  for  ciajshed,  freshly  fired  Oxford 
argillite  but  was  negative  for  similarly  treated  Patent  Slip 


Ther 
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(a)  r^ataliina  greyv;acke  argillite. 

l.'o  observations  of  the  Katadiina  greywacke-argillite  show 
any  reason  why  this  aggregate  should  have  expanded  in  con- 
crete. The  presence  of  chlorite  and  illite  or  micaceous 
materials  as  the  main  clay  constituents  is  typical  for  these 
types  of  sedimentary  mesozoic  i.'ew  Zealand  rocks.  (V/.A. 
..‘atters.  Personal  conmunic  ation ) . further,  the  expansive 
reaction  is  linusual  in  that  not  only  v;as  a low  alkali  cement 
used,  but  a pozzolan  v/as  also  present.  Thus  the  possibility 
of  an  alkali-silica  reaction  seems  unlikely  and  this  is 
further  supported  by  the  petrographic  examinations. 


There*'x^“3d.n,S".t'tfo  obher. ‘possibilities.  .'  Firstly,  the 
degree  of  expansion  occurring  is  moderate,  and  thus  the  amount 
of  reactive  rock  could  be  small  and  may  have  been  xmdetected 
in  the  analyses.  Secondly,  nineral  alteration  could  be 
occurring  under  the  7r.oist  alkaline  conditions  in  the  concrete. 
Some  alteration  of  the  feldspars  to  sericiic  is  common  in 
these  geosynclinal  greyi-.’ackes  though  it  is  not  clear  how  much 
of  this  alteration  is  poat-depositional . This  existir-g 
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alteration  made  it  impossible  to  determine  v;hether  any  further 
feldspar  alteration  had  occurred  in  the  concrete. 

Therefore  at  this  stage  it  must  be  concluded  that  the 
expansive  mechanism  of  .''.atahina  greywacke-argillite  is  still 

unknown  and  cannot  be  related  to  the  alkali-clay  reactions 

(2) 

reported  by  Oillott  et  al.'  ' Neither  has  it  been  possible 
to  t srociate  the  expansion  with  either  the  greywacke  or  the 
argillite  individually.  In  the  Katahina  aggregate,  greywacke 
predominates,  but  a small  amount  of  reactive  argillite  could 
easily  be  responsible  for  the  reaction.  Generally,  argillite 
is  not  a problem  in  Tew  Zealand  aggregates  as  quarries  are 
chosen  and  i/crked  to  exclude  this  material  because  of  its  poor 
physical  properties.  It  is  only  at  the  margins  of  the  geo- 
syncline that  problems  of  argillite  and  margirmilly  acceptable 
greywacke  arises. 

(b)  Fired  Oxford  Argillite 

The  results  of  analyses  of  fired  Oxford  argillite 
indicate  that  the  hydration  of  hard  burnt  lime  is  responsible 
for  the  expansion.  Chemical  analysis  of  the  raw  argillite^®^ 
did  not  indicate  widely  disseminated  calcite  as  being  present, 
as  the  amount  of  calcia  reported  0.50vJ  was  believed  to  be 
associated  with  the  feldspars.  ’./hites  test  on  fired  Oxford 
argillite  which  had  been  stored  in  open  drums  for  five  years 
v/as  negative  and  it  was  not  until  the  minus  2 um  fraction  from 
this  five  year  old  material  was  extracted  that  it  was  realised 
that  calcite  v.-as  probably  present  in  the  raw  argillite.  This 


331 


is  the  reason  why  it  w=3  initially  believed  that  unburnt  clays 

( 7 \ 

could  still  be  present,  as  Blank'  ' reports  their  presence  is 
one  of  the  causes  for  unsoundness  in  fired  lightweight  clay 
aggregates . 


The  snail  amount  of  hard  burnt  line  present,  estimated 
at  less  than  0.555  by  XRD,  has  been  slow  to  carbonate  and 
hydrate,  the  fired  material  was  not  mixed  in  concrete  until 
approximately  one  year  after  manufacture  and  expansion  is 
still  occurring  in  the  concrete  beans  six  years  later.  The 
expansion  is  associated  with  the  fine  aggregate,  as  the 
results  for  beams  F8/1/12  and  13  clearly  show,  which  suggests 
that  the  hard  burnt  line  is  protected  by  some  type  of  sinter- 
ed or  glassy  coating.  If  this  is  the  case,  the  smaller  part- 
icles of  the  fired  argillite  v;ould  be  more  reactive  as  there 
is  nore  crushed  material  and  thus  mere  broken  surfaces  in 


this  fraction.  The  fact  that  fired  Oxford  argillite  is  an 
overbloated,  well  sealed  aggregate  gives  further  support  to 
this  argument. 


Data  shonTi  in  Table  2 is  confusing.  If  we  consider  the 
first  series  P8/1/1  to  7,  carbonation,  cracking  and  expansion 
can  be  related  to  cement  content  and  increasing  unit  weight. 
However  when  we  consider  the  other  nixes  reported  the  picture 
is  not  so  clear.  It  is  hypothesised  that  increasing  alkali 
content  due  to  increasing  cement  content  is  a factor  in  that 
sintered  and  glassy  coatings  on  the  hard  burnt  lime  would  be 
more  efficiently  attacked  at  higher • cement  contents.  I''ur*!‘.er 
■.;crk  i.s  required  to  dem.onstrate  chis  hypothesis. 


;o’:glu3IOH 


In  conclusion,  the  results  suggest  that  the  recent  state- 
nent  by  Kennerley  and  St.  John^'^^  "that  no  evidence  has  been 
found  to  suggest  that  the  type  of  argillite  connonly  fourjl  in 
Kew  Zealand  would  react  deleteriously  with  cement  alkalis"  is 
no  longer  valid.  In  the  case  of  Matahina  greywacke-argillite, 
expansive  alkali-aggregate  reaction  should  not  be  possible  as 
both  low  alkali  cement  and  pozzolan  were  used  and  there  should 
be  insufficient  alkalis  available  to  initiate  the  reaction. 

Yet  expansion  has  occurred  in  a manner  similar  to  that  report- 
ed for  the  IJova  Scotia  greywackes  and  argillites.  '■.’hile  the 
underlying  nechanisia  of  the  expansion  in  the  Katahina  grey- 
wacke-argillite is  still  unknown,  the  physical  expansion  of 
concrete  containing  this  concrete  is  an  indisputable  fact. 
Previously,  grey.faoke  from  the  shallov;  margins  of  the  geosyn- 
clihe- 'have  not  been  used- extensively  for-  concrete  aggregate, 
but  their  increasing  use  cakes  it  imperitive  that  means  be 
found  for  detecting  potentially  reactive  greywackes. 


;e  until 


pport  to 


In  the  case  of  the  fired  Oxford  argillite,  the  cause  of 
conprete  expansion*  at  first  suspe^cted.  as  an  expansive-  clay 
reaction,  is  probably  due  to  rehydration  of  lime  mediated  by 
alkaline  attack  on  sintered  or  glassy  coatings.  It  is 
necessary  to  be  cautious  in  this  conclusion.  I'he  fine  grain 
size  of  the  calcium  oxide  and  its  resistance  to  hydration  is 


Ider  the 


ng  alkali 


r in  that 


and  Budnikov  et  al 


would  be 


5 mm  in  diameter  to  resist  hydration  by  the  i.'ater  in  the 
concrete  mixer. 


In  both  cases,  discussed  above,  though  the  concrete 
expansions  have  been  slow  and  moderate  in  size,  they  have 
been  quite  sufficient  to  cause  damage  to  concrete  as  wit- 
nessed by  breakage  of  specimens  on  the  outdoor  exposure 
site,  D.  ge  at  the  Hatahina  hydro  project  has  not  been 
reported  to  date,  tut  investigation  will  be  carried  out  to 
try  and  locate  areas  where  greywacke  may  have  been  used 
inadvertently . 
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Concrete  teams  containing  ti;ese  two  aggregates  showed 
signs  typical  of  exposure  to  the  '.:eather.  Much  fine 


aggregate  was  exposed  and  the  surrounding  cenent  paste  was 
soft  to  a superficial  depth.  However  nost  exposed  partic- 
les were  still  fir.-J.y  ecbedded.  Che  original  cast  sarfaci 


remained  -visitle  in  a fevr  isolated  catches 


were  pattern-r.icrocracked,  with  cany  of  the  cracks  being 
filled  with  white  crystalline  material  probably  calcite. 


•s.  London 


cture  surfaces  in  nieces  broken 


failed  to  reveal  any  reaction  rics  around  pieces  of  aggre- 


For  the  purposes  of  microscopic  examination  thin 


of  the  sections  cut 


in  v.'idth  with  smaller  cracks  rajiging  down  to  10  Oin.  Cracks 
generally  skirt  particles  of  aggregate  but  in  a number  of 
cases  run  through  them.  General  carbonation  of  the  cement 
paste  extends  to  depth  of  2-3  nm  around  the  edges  and  this 
layer  is  not  noticeably  leached.  In  many  of  the  larger 
cracks  carbonation  extends  to  a death  of  20  mm.  Consider- 


ing the  cracking  present  the  limited  penetration  of  the 
carbonation  suggests  tliat  drying  of  the  specimens  under  the 
exposure  conditions  has  not  at.  any  tine  been-extensiv« 


The  amount  of  calcium  hydroxide  in  the  cement  paste  is 
consistent  with  the  high  cement  content  used.  Leaching  of 
the  cement  paste  is  generally  absent  even  at  carbonated 
edges.  However,  around  a number  of  the  larger  aggregate 
particles  there  is  a ring  of  cement  paste  in  which  bire- 
fringent  crystals  are  absent  suggesting  a deficiency  in 
calcium  hydroxideZ  hliile  this  effect  is  somewhat  haphazard 
it  is  noticeable  and  suggests'  some  m.ovement  of  precipitated 
material  into  the  aggregate  particles  concerned. 


The  larger  air  voids  in  the  concrete  are  only  occasion- 
ally rimmed  with  calcium  hydroxide  but  many  of  the  sm  \ller 
pores  are  completely  filled  with  this  material.  uttringite 
v/as  not  present  in  any  of  the  pores  or  cracks.  Generally, 
the  hardened  cement  fabric  is  dense  and  sound  apart  from 
cracks  and  no  alkali-silica  gel  or  other  reaction  products 
were  noted  either  in  the  cement  paste  or  particles  of 
aggregates. 
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Bean  17A  Oontairiih^  Mut^  Valley  grev’-'acke  • . ’ ’ 

"he  cracking  and  carbonation  is  outlined  in  figure  3- 
There  is  less  cracking  tlian  in  bean  15A  and  it  is  of  a diff- 
erent character.  iiost  of  the  cracks  are  shorter  and  do  not 


' ;^Axiehd~ 


into  the  fabric  of  the  concrete^  Where  *raaks 


are  present  in.  the.  interior  they  are  nairJ.y  discontinuous 
and  r.uch  nnrrc'.:er  t)ian  those  present  in  beam  15 A.  Apart 

fro;.',  this,  the  general  state  of  the  hardened  cenent  paste  is 


The  coarse  aggregate  is  a eixture  of  greywacke,  sand- 
waoke  and  argillite.  The  fine-grained  matrix  of  the  rock 
is  variable  and  complex  and  appears  to  consist  of  a mixture 
of  quartz,  and  feldspars  in  a highly  birefringent  fine- 
grained mass  of  mica  flakes  together  v;ith  tiny  chips  of  vol- 
canic rocks  and  argillite.  Laur.ontite  and  prehnite  were 
preseh{"in“so'De  particles  as  vein  material  but  not  in  sig- 
nificant quantities.  The  fine  aggregate  is  similar  to  the 
coarse  aggregate  but  individual  pieces  tend  to  be  more 
homogeneous.  There  is  a significant  proportion  of  acid 
volcanic  rocks  present,  such  as  rhyolite,  ignimbrite, 
rhyolitic  pumice  and  even  a fev.-  pieces  of  andesite.  The 
larger  fragments  of  the  aggregate  are  often  rounded  and  — 
appear  water  '..orn.  Kany  of  these  pieces  are  cracked  and 
weathered  and  chysioally  these  fragments  cannot  be  consid- 
ered suitable  for  high  grade'  concrete.  It  was  not  possible 
to  distinguish  any  signs  of  ^teratroh  in  fine-grained 
matrix  of  the  grey-rfacke  or  argillite  due  to  possible 
reaction  with  the  cement. 


te  deficient 


calciur.  hydroxide  surroundin,"  many  accre,'-ato  particles  i 


lass  r renounced 


a typical  exa-.ple  of  ;;Utt  Valley  grey- 


•onogeneous  than  the  diatahina  grey^acke 


.e  sense  that 


lontite  was  not  noted 


e is  rore  conpact , and  less  weathered  than  that 


ces  of  the  beaas  with  low  cement  contents  were 


ese  cracks  was  evident  in  beams  F8/1/6 


scolouratLon  of  crack  edges  occurred 


Examination 


cture  surfaces  in  pieces  broken  from  the  beams  did  not 


.1  the  presence  of  any  rims  aro.;nd  aggregate  pa.rticles 
.y  other  signs  of  deleterious  reactions.  The  sane 


rends,  weire  fo’und-Afith  be^s- F8/1/1 2'and  13  and  FIO/4  and  ”9 


1 greywacKe 
as  complex 
as  material 
5 only 
is  present 
In  general, 
i than  that 
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he  same 
FIO/4  and  9. 


ana  aeacning  is  a:  pareni;  out  cracKing  is  aicosi:  absc-nb. 
'.leathering  and  carboha'tion  is  sufficiently  severe  to  have 
■••.•eakened  the  fabric  and  many  of  the  larger  particles  of 
aggregate  have  been  penetr;ited'  by  carbonation  products.  In 
beam  FS/l/3  carbonation  is  more  normal  and  less  leached.  At 
the  bdgher  cement  .contents  the  hardened  oeaen1i_fabric  is 
typical  of  dense  concrete  and  penetration  of  aggregates  by 
carbonation  products  is  absent.  However  cracking  in  these 
samples  is.  sevcue  both  in  the  cement  fabric  and  also  in  cany 
fragments  of  aggregate.  The  transition  zone  between  carbon- 
ated and  uncarbonated  ee^raent  paste  is  abrupt  even  in  the 
most  intensely  carbonated  beaias.  .'iTound  many  of  the  larger 
fragments  of  aggregates  the  zone  of  cement  paste  deficient  in 
birefrir.gent  cri'stals  was  noted  suggesting  a movement  of 
calcium  hydroxide  into  the  aggregate  particles’  cbnc'erned. 


The  fired  Oxford  argillite  is  heavily  overbloated  and 
t'nere  are  numerous  very  l.-.rge  pores  separated  by  tliin  septums 
of  highly  frothed  glass.  The  outer  rims  of  the*  fired  ’ 
ag.gregates  are  brown  and  -well  sealed  where  the  original  sur- 
face is  intact.  Numerous  minute  birefringent  crystals  are 
present  scattered  through  the  glassy  matrix  of  the  aggre- 
■ ate  Cr ■•-ament's . These  crystals  v/ero  too  small  to  uo-  posit- 

ively  iier.tified  but  generally  appeared  to  be  quartz  : nd  fold 


■J'Ar 


The  fired  Pa1;ent  Slip  argillite  is  denser  and  not  as 
heavily  Moated  as  the  fired  Oxford  argillite.  Some  foliat- 
ion is  present  and  more  unbloated  particles  were  noted. 
Penetruticn  of  carbonated  products  into  rims  of  aggregate 
particles  was  absent. 


Peanis  FO/1/12  and  13  Containing  mixtures  of  fired  Oxford 
argillite  and  dense  Kutt  Valley  greyiracke . 

The  cracking  and  carbonation  is  shown  in  figure  5.  The 
concrete  in  beam  F8/1/12  appears  similar  to  bean  F8/1/3  or  4 
in  degree  of  carbonation  and  cracking.  The  replacement  of 
the  fired  coarse  aggregate  by  dense  liutt  Valley  greyivacke 
has  had  little  effect.  In  contrast,  where  the  fired  fine 
aggregate  has  been  i-eplaced  in  beam  FS/l/13  the  effect  is 
dramatic.  The  concrete  now  has  all  the  appearance  of  a 
normal  dense  concrete  interspersed  withJ.imps  of  fired  arg- 
illite. This  bean  has  weathered  extremely  v;cll. 


Beans  P10/4  and  9 Containing  fired  Patent  Slip  argillite 

Cr  icking  and  carbonation  are  shoim  in  figure  6.  Both 
those  boons  shov;ed  the  sane  trends  as  the  F8  series.  The  ’ 
degree  of  cracking  in  bean  ?10/9  appears  greater  than  warrant' 
ed  by  the  expansion  of  0.009',i,  but  cracks  are  nuch  narrower 
then  for  bean  F8/1/5.  — 


CAPTI0K3  TO  FIGURES 


Typical  X-ray  diffraction  patterns  of  liatahina 
argillite. 


i’B/l/3  or  4 


placement  of 


b.  ^:g  saturated  sprayed  with  lOjJ  glycerol  in 
water. 


c.  K saturated  and  heated  550  C/4hr. 

d.  Ko  cation.  Digested  in  1N  HCl  for  4hr/85C 

X-radiation  Cu  Ka  Carbon  monochroceter  used 
Scam  rate  ■J-°/min  sensitivity  200  c.p.s. 

Time  constant  4 sec.  Scale  factor  1 


Outline  drawing  of  thin  sections  of  Katahina 
greywacke-argillite  showing  cracking  and  carbon- 
ation.  Cross  hatching  delineates  carbonation. 
End  amd  middle  sections.  75  x 75nim  sections. 


r than  warrant- 


Fig.  3 Ditto.  Hutt  Valley  greywacke 


Fig.  4 Ditto.  Fired  Oxford  argillite.  50  x 50nm 


Some  foliat 


•e  noted 


Fig-  5 Ditto.  Fired  Oxford  argillite  and  dense  Hutt 
Valley  greywacke  mixtures.  50  x 50mm  sections 
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Clifford  White 


Blue  Circle  Southern  Cement  Ltd 


This  phenomenon  was  evidenced  due  to  the  coincidence  of  very  unusual 
weather  conditions  and  concreting  techniques. 


i call  was  received  fron  a major  concrete  customer  at  approximately 
2:50  in  the  afternoon,  describing  that  the  slab  which  he  had  poured 
some  two  hcurs  previously,  was  now  covered  in  white  snowflakes.  The 
temperature  was  43°C,  the  relative  humidity  approximately  25^  with  a 
15  knot  wind  and  the  major  part  of  the  eucalypt  forest  25  miles  to  the 
windward  of  the  area  was  on  fire.  After  suggestions  that  the  sr.cwflakes 
were  wccdash  wore  badly  received,  a trip  was  made  to  the  site  and  the 
attached  photographs  were  taken. 


The  photographs  show  that  very  large  areas  of  the  slab,  which  had  just 
passed  the  stage  of  final  set  by  Proctor  Penetrometer,  were  covered  in 
white  growths  of  very  fine  pure  white  micro-crystalline  material,  in 
many  cases  standing  up  above  the  slab  by  up  to  5 and  occasionally  4 inn. 

Most  of  these  white  deposits  were  in  the  form  of  rings  clearly  outlining 
aggregate  particles  presumed  to  bo  in  the  proximity  of  the  surface  of 
the  slab.  The  phenomenon  was  intriguing  and  careful  sampling  of  the 
white  material  was  carried  ou..  and  proved  to  he  rather  difficult  as  it 
was  very  similar  to  attempting  to  sample  snovrflakes  but  probably  of  an 
even  lower  bulk  density.  Areas  of  the  slab  which  had  been  poured  later  and 
which  had  not  "fully  set",  were  still  showing  growth  of  the  white  material 
A rapid  attempt  at  analysis  cf  the  w'hite  powder  indicated  some  Sodium 
Oxide  (Na20),  together  with  less  than  3^  of  Calcium  Oxide  (CaO),  and  about 
7^  of  Sulphur  Trioxide  (SO3).  The  rest  of  the  material  was  organic 
producing  a strong  odour  of  burning  wood  on  charring  and  ignition.  Initial 
reaction  was  that  a mis-delivery  had  been  made  of  Sodium  Ligninsulphonate 
instead  of  Calcium  Ligninsulphonate,  but  this  evinced  a strong  denial  by 
the  suppliers  and  quick  evidence  that  the  assumption  was  incorrect. 
Certainly  the  white  crystalline  powder  contained  the  sodium  salts  of 
ligninsulphonate  and  probably  some  other  sodium  organic  compound,  and  the 
trace  of  calcium  was  probably  due  to  sampling  contamination.  The 
distribution  of  the  white  rings  immediately  suggested  that  bleed  water, 
initially  retained  benoath  pieces  cf  aggregate,  was  seeping- up  to  the 
surface  especirily  around  the  edges  of  the  aggregate,  carrying  with  it 
the  white  soluble  material  which  was  then  deposited  by  evaporation  on 
the  surface  due  to  extreme  temperature  and  humidity  conditions. 


well-known  to  be  very  low  in  sodiiia  oxide 
:e  quantity  of  sodiiun  was  a puoile  although 
balance  was  ?'.ct  possibl-. 


nt  which  had  been  used  was  1 
source  of  the  apparent  larg; 
be  appreciated  that  a mass  1 


TVie  a£j{;r.-gate  use!  vas  one  very  conz,o.:ij 
that  ti^e,  being  classified  as  a basalt 
vesicular.  On  enquiry,  it  was  disoove’ 
hr.own  source  of  large  botiq,'oilal  aasses 
evidence  in  any  of  the  aggregate  in  t-oe 
material.  Tests  on  the  aggregate  whicl 
first,  cement  suspensions  and  later,  in 
hydrated  line  suspensions,  quickly  show 
sodium  oxide  were  liberated  into  soluti 
5 and  4 tines  the  amounts  which  would  h 
tine  hy  a cement  suspension  of  concentr 
typical  concr^'te.  It  was  then  assu — ei 
such  ion-exchange  reaction  fror.  other  s 
crystallization  of  the  least  soluble  sc 
rrsxrig  blood  vstor»  Tosts  on  ssvors* 
basalt  aggregates  in  Australia  have  sne 
exchange  reactions  to  occur  whilst  a fl 
migration. 
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ABSTRACT 

Val  de  la  Mare  Daa  is  the  principle  storage  reservoir  for  the  Island 
. of  Jersey.  The  dam  has  been  regularly  inspected 'aince  completion  in 

1962. 


Ercon  were  retained  to  investigate  the  problem,  and  a progranrae  of 
investigations  vas  initiated.  Alkali  aggregate  reactivity  vaa 
diagnosed  as  the  cause  of  the  defects. 


In  January,  1971,  small  upstream  relative  movements  of  the  handrail 
of  the  crest  walkvuy  bridge  were  noticed.'  At  thd  same  time,  darkening 
and  damp  patches  vere  observed  on  the'dovnstream  face  of  the  dam  and 
parts  of  the  surface  shoved  random  cracking  of  .the  concrete. 


Proposals  were  developed,  and  subsequently  implemented,  for  remedial, 
works  which  included  the  provision  of  drainage  into  the  gallery,  the 
grouting  of  and  the  installation  of  anchors  in  a section  of  the  dam 
most  adversely  affected  by  the  reaction,  and  the  installation  of 
appropriate  instrumentation  to  monitor  the  loads  oiuthg^^cbors, 
future  movements  of  the  particular  "section,  and  uplift  •pressures. 


Ini rodurl 

The  (lam  has  a maximum  bclK^t  of  23  m alv/ve  the  valley  floor,  a crest 
length  of  170  m,  and  is  constructed  of  muss  concrete  in  6.7  m vide  blocks 
vlth  the  lift  (pour)  heights  being  generally  1.2  m.  Ihe  foundation  is  of 
Precambrian  sedimoutary  shales. 

The  dam  was  designed  using  the  middle  third  rule  allowing  for  an  internal 
uplift  pressure  of  30/o  of  reservoir  head  at  the  upstream  face  decreasing 
linearly  to  zero  at  the  downstream  face,  based  on  lOO^c  of  plan  area. 

Construction  took  place  over  the  period  1957  to  1962,  vlth  the  coarse 
aggregate  being  obtained^from  a local  quarry,  ajid  from  oversize  material 
from  a beach,  the  fine  aggregate  from  a beach,  and  the  cement  being 
imported  from  the  U.K.  A photograph  of  the  dam  is  shovn  in  Fig.  M'. 
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FIG.  1 

Val'de  la  Mare  Dam 
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The  first  si(rns  of  trouble  ap^keared  in  Januar>’  197li  following  a period  of 
colder  than  usual  weather.  Small  upstream  relative  movements  in  the  order 
of  6 to  12  mm  were  noticed  on  certain  sections  of  the  concrete  handrail  of 
the  crest  salkvay  bridge,  and  darkening  aiid  damp  patches  were  observed  at 
the  same  time  on  the  downstream  face  of  the  dam  on  the  same  blocks  on 
which  the  movements  bad  occurred,  with  the  surface  showing  random  hair- 
line cracking. 

Following  Ercon'^^^'^l^ki^al  inspections  of  the  dam  and  the  <luarry,  it  was 
thought  likely  that  alkali  aggregate  reaction  could  be  the  cause  of  the 
problem  even  though  the  aggregate  quarry  bad  been  in  operation  for 
several  years  and  there  had  been  no  published  records  of  an  occurrence 
on  Jersey.  A progransne  of  investigations  was  therefore  initiated.  Also 
several  theories,  including  frost  action,  sulphate  attack  and  earth- 
quake action,  were  considered  and  investigated,  but  eventually  dis- 
counted. 
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Investigation  Programme 


The  investigation  programme,  which  %ms  carried  out  during  the  period 
July  1971  to  September  1973»  included  the  following 


Consultations  with  the  Cement  and  Concrete  AssociaiioDf  the 
American.  Corps  of  Ehgfneers,  the  .Concrete  Research  laboratory' 
in  Karlstrup,  and  the  British  Museum  (Natural  History), 
Department  of  Mineralogy'.  The  consultations  were  linked  w'ith 
a review  of  the  existing  literature  on  the  subject  which 
revealed  that  experience  of  the  phenomenon  in  the  U.K.  was 
limited.  Overseas  case  histories  were  therefore  examined  and 
discussed,  and  visits  were  paid  to  Jersey  by  specialists  in 
the  field  of  testing  and  deterioration  of  concrete. 


Revij^v  of  method  and  sequence  of  construction  of  the  dam  and 
of  tHfr-nRurce  of  supply  of  the  relevant  construction  materials 
investigations  revealed  that  affected  lifts  were  randomly  sited 
in  the  dam,  but  w«re  ass(^iaied  in  time. 


iii)  Discussious  vith  the  U,K«  Suppliers  on  the  cement  shipped  to 
Jersey  during  the  appropriate  period  of  construction.  These 
discussions  revealed  that  cement  shipments  to  Jersey  in  I96O 
during  periods  significantly  related  to  the  time  of  construction 
of  affected  block  lifts  contained  cement  with  alkali  contents  of 
values  up  to  0,95  percent  measured  on  a monthly  average  basis 
and  expressed  as  a percentage  of 


Geological  survey  of,  and  testing  progranme  on  aggregate  samples 
from,  the  local  quarry,  and  examination  of  the  sources  and  testing 
of  samples  of  the  local  beach  sand»  Reactive  materials  were 
identified  in  some  of  the  materials  obtained  both  from  the  local 
quarry  and  from  the  beach,  and  a materials  testing  prograniae  was 
initiated# 


Core  d'rilliog  in  specific  sections  of  the  dam,  followed  by  labor* 
atory  description  and  testing#  * 


[vi)  Petrographic  examinations  of  thin  sections  of  the  concrete  cores 
and  of  the  aggregates  from  sources  considered  to  be  the  same  as 
used  in  the  concrete  and  from  V&rib\is  other  localitities  on  the 
island  — carried  out  Ercon  and  by  the  Building  Research 
Establishment#  The  examinations  shoved  that  the  samples  contained 
reaotive  silic“a“iAich  could  give  rise  to  alkali  aggregate  expan- 
sive. reactions#  The  silica  was  present  as  either -opal  or  cbal-  . 
cedony • 

.Til)  Expansion  testing  on  coVea  taken  from  the  dam  and  on  mortar  bars 
made  from  local  quarry  rock  and  beach  sand  - carried  out  by  the 
Building  Research  Establishment#  The  mortar  bar  tests  on  the 
aggregate  samples  showed  that  the  aggregates  veFe  expansive#  * 

[viii)  In-situ  sonic  velocity  measurements  in  each  accessible  lift  of  each 
block  of  the  dam#  A first  series  of  measurements  was  carried  out 
in  ^ptember  1972,  and  a second  series  in  July  1973*  The  technique 
was  used  largely  to  give  a qualitative  assessment  of  the  concrete 
^ quality,  and  four  cli^'siPxcations  of  concra'be  were  made  on  the 
basis  of  the  measured  velocities#  Comparisons  were  made  between 
the  two  series  of  measurements,  and  areas  of  significant  deter- 
ioration were  identified  b>*  significantly  lower  velocrties. 


ente 


Installation  of  electrically  oi>erated  piezoioeters  in  certain 
sections  of  tbe  dam,  the  locations  chosen  on  the  basis  of  the 
sonic  test  results.  The  limited  number  of  piezometers  installed 
indicated  that  the  original  design  uplift  pressures  were  not  being 
exceeded,  except  in  tbe  case  of  Block  6 where  tbe  higher  pressures 
were  resulting  in  a reduction  in  tbe  design  factors  of  safety 
against  overtumiag  and  sliding. 
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Assessment  of  Remedial  Measures 


Following  the  investigation  programme  and  instrument  readings  taken  over 
a period  of.  more  than  two  years,  the  decisions  then  had  to  be  made  on:- 


Whether  or  not  the  dam  would  eventually  deteriorate  to  the  point 
of  being  unserviceable. 


If  so,  how  long  could  it  remain  in  service  before  an  alternative 
water  supply  source  had  to  be  found. 


If  not,  what  remedial  works  were  required  to  keep  tbe  dam  in  a 
safe  stability  condition. 


earch 


It  was  not  possible  to  make  a completely  quantitative  decision  on  tbe 
matter.  Engineering  judgement,  based  on  the  whole  range  of  accumulated 
information,  and  taking  into  account  social  and  economic  factors,  bad  to 
enter  into  tbe  decision. 
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Several  general  factors  were  of  significance  and  influenced  the  ultimate 
decision 


Although  tbe  reactive  material  bad  to  be  assumed  to  be  present 
throughout  tbe  dam,  the  degree  of  attack  and  concrete  deterioration 
varied.  This  was  borne  out  by  tbe  sonic  test  results,  the  crest 
movements  and  visual  inspection  of  tbe  downstream  face  of  the  dam. 
The  known  variation  of  alkali  content  of  the  cement  delivered  and 
the  fact  that  most  of  the  reactive  material  was  thought  to  be 
derived  from  a number  of  veins  in  tbe  quarry  and  from  beach 
pebbles,  containing  either  chalcedony  or  opal,  also  supported 
this  assessment. 
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The  expansion  test  results  carried  out  by  tbe  Building  Research 
Establishment  on  concrete  cores  from  the  dam  containing  suspected 
reactive  material  and  on  mortar  bars  manufactured  from  coarse 
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aggregate  from  the  Ronez  Quarr>'  and  beach  pebbles,  all  containing 
reactive  silica,  indicated  that  the  degree  of  expansion  vas  not  as 
high  as  the  values  considered  unacceptable  in  the  U.S*A.  and 
Canada,  based  on  A.S.T.M,  C.  3^(>7  and 

(iii)  Case  studies  of  other  dams  indicated  that  the  initial  large  rate  of 
expansion  caused  the  reaction  vas  not  maintained  with  time* 

(iv)  There  vas  no  proven  method  of  chemical  treatment  that  would  cither 
stop  or  reduce  the  reaction  and  expansion* 

(v)  The  readings  of  internal  uplift  pressures  from  the  installed  piez- 
ometers were  acceptable,  except  in  the  case  of  Block  6* 

Based  on  the  evidence  accumulated  on  this  particular  dam  and  on  the 
results  of  other  cases,  a conclusion  vas  reached  that  the  concrete  would 
not  deteriorate  to  the  extent  that  it  would  be  incapable  of  taking  the 
required  compressive  loads*  The  danger  vas  that  expansive  cracking  could 
lead  to  higher  internal  uplift  pressures  than  Lad  been  allowed  for  in  the 
design,  resulting  in  instability* 

Hence,  the  policy  was  adopted  of  proceeding  with  remedial  works  to  ensure 
that  the  stability  of  the  d€un  v*as  maintained  against  increased  internal 
uplift,  assuming  that  the  concrete  would  be  capable  of  taking  all  the 
stresses  applied  to  it  in  the  future*  Alsot  as  the  alkali  aggregate 
reaction  varied  over  the  dam,  only  isolated  bad  sections  would  be  dealt 
with,  and  the  remedial  method  adopted  should  be  capable  of  being  extended 
in  stages  to  the  complete  dam  at  a later  date  should  further  deterior- 
ation occur*  Any  remedial  works  adopted  had  to  be  such  that  the  reservoir 
could  be  kept  in  operation  at  all  times,  and  a minimum  of  restriction 
placed  on  the  water  level  during  the  work* 


Decision  on  Remedial  Measures 


After  consideration  of  many  alternatives,  the  decision  on  the  type  and 
extent  of  remedial  measures  was  made  related  to  Block  6 and  Blocks  10-20* 
Block  6 is  situated  near  the  right  abutment,  and  is  clearly  indicated  on 
Fig.  1 by  the  presence  of  scaffolding  and  equipment*  Blocks  10-20  are  in 
the  centre  section  of  the  dam  between  the  two  galler\’  openings  sited 
against  the  downstream  toe* 


Block  6 
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The  remedial  measures  chosen  for  Block  6 had  tvo  main  aims.  Firstly, 
grouting  vas  proimsed  as  a trial  measure  to  ascertain  vhether  a curtain 
could  be  introduced  near  the  upstream  face  of  the ‘block  to  .reduce  seepage 
uplift  pressures  and  to  reduce  future  alkali  aggregate  reaction  by 
^limiting  available  voter.  Piezometers  could  also  be  installed  to  check* 
the^effectS  of*  «Che  curtalh.  “ - . 


that*  vould  either 


Secondly,  to  counteract  the  higher  internal  uplift  pressures,  it  was 
proposed  to  anchor  the  block  to  the  fojuidation.  rock  beneath  the  dam  by 
installing  prestressing  tendons.  The  rc  lired  anchor  foT*ce  would  be 
detenoined  from  static  considerations  of  stability  to  provide  for  a 
minimum  factor  of  safety  against  overturnii._,  of  1.7  unde iv  full  flood 
condition  loading  and  with  hydrostatic  uplift  assumed  to  act  over  100^ 
of  the  plan  area  of  the  block,  with  full  hydrostatic  bead  at  the  upstream 
face  decreasing  linearly  to  zero  at  the  dovnstream  face. 
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On  the  remainder  of  the  dam,  it  vas  not  considered  essential  to  undertake 
any  remedial  vorks.  However,  since  drilling  equipment  would  be  mobilised 
for  Block  6 work,_it  was  decided  to  take  advantage  af  this  by  drilling 
drainage  holes  approximately  1.2  m Irom  the  face  of  ihe  dam  in 

Blocks  10-20  where  access  vas  available  from  tbe  inspection  gallery. 

It  was  hoped  that  if  cracking  became  serious,  tbe  holes  would  intercept 
seepage  flow  and  reduce  the  internal  uplift  pressure  downstream  of  the 
boles. 
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Remedial  Works 


The  remedial  works  were  carried  out  during  the  period  June  to  December, 
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Site  Investigation 


As  a necessary  preliminary  to  the  design  of  the  anchoring  of  Block  6,  i 
investigation  of  the  foundation  rock  beneath  the  block  vas  carried  out 
Tvo  vertical  boreholes  and  one  inclined  borehole  were  drilled  from  the 
dovnstream  toe  of  the  block.  Tbe  inclined  borehole  vas  angled  to  pene- 
trate through  the  middle  of  tbe  proposed  anchqrage  aonc. 
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In  aiidliion,  one  vertical  borehole  was  drilled  from  the  crest  of  Block  6, 
dovTi  through  the  concrete  of  the  dan  into  the  proposed  anchorage  zone. 

The  position  in  plan  of  this  hole  coincided  with  one  of  the  proposed 
grout  holes  in  the  centre  of  the  block  (refer  to  Fig.  2).  Laboratory 
tests  were  carried  out  on  cores  recovered  from  the  boreholes  - the  tests 
produced  data  on  the  elastic  modulus  and  poissons  ratio  of  the  rock,  and 
the  shear  strength  of  the  joints.  All  boreholes  encountered  very  Jointed 
and  fissured  rock. 


In  addition  to  the  boring,  rock  outcrops  in  the  vicinity  of  the  dam  were 
mapped  geologically  to  .supplement  the  borehole  information. 


Grouting  of  Block  6 


Six  boles  were  drilled  vertically  dovn  throug)^  the  concrete  of  the  dam  at 
a distance  of  1.2  m from  the  upst^am  face  and  between  0.9  an*d  lo2  m 
apart.  Five  of  the  holes  were  drilled  in  80  mm  diameter  - the  depth  of 
the  boles  varied  from  13*^  iQ  to  17*0  m such  that  the  bottoms  of  the  boles 
were  approximately  0.6  m into  the  concrete  of  the  cut-off  trench.  The 
sixth  hole,  chosen  as  the  position  of  the  site  investigation  borehole,  was 
cored  in  100  mm  through  the  concrete  and  foundation  rock  for  a total 
depth  of  3^*3  Q The  positions  of  the  grout  boles  are  shovn  on  Figs.  2 
and  3*  . — . 


A vatoc:~test  was  carried  out  in.  each  hole  to  test  the  permeability  of  thi 
surrounding  concrete  - the  tests  showed  the  permeability  to  be  very  low. 


The  material  chosen  for  grouting  vas  Polythixon  60/40  DR  groat.  This  is 
an  oil-based  chemical  grout  supplied  in  the  form  of  two  liquid  phases 
which,  idien  mixed,  form  a cross-linked  polymer  that  sets  to  form  a rubber- 
like substance.  At  the  time  of  mixing,  the  grout  has  a very  low  viscosity 
and  is  therefore  suitable  for  penetrating  fin  racks.  The  quantity  of 
Polythixon  used  in  the  grout  holes  was  only  slightly  greater  than  the 
quantity  of  water  used  in  the  water  tests,  so  it  is  probable  that  very 
little  penetration  wa#  achieved. 


Anchoring  of  Block  6 


In  order  effectively  to  distribute  tbe  loads  from  the  anchors,  a high- 
strength  reinforced  concrete  spreader  beam  was  introduced  as  part  of  the 
crest  lift  of  the  dovTistream  face  extending  for  tbe  full  block  width 


between  the  walk-way  supports.  The  spreader  beam  was  installed  before  any 
drilling  work  was  carried  out  for  the  grouting,  anchor  tendons  and 
instrumentation,  and  to  avoid  drilling  through  the  freshly  placed  concrete 
of  the  spreader  beam  for  the  grout  holes  and  the  tendon  holes,  mild  steel 
tubes  were  fixed  in  appropriate  positions  through  the  beam. 

The  anchoring  of  Block  6 consists  of  3 No.  40  omi  diameter  *Macalloy*  high 
tensile  anchors  fixed  in  113  dbq  diameter  boles  positioned  synne trie ally 
across  the  width  of  the  Block  at  2.23  ® centres  and  drilled  through  the 
concrete  of  the  dam  into  the  foundation  rock  - refer  to  Figs.  2 and  3* 

Calculations  for  the  proposed  depths  and  lengths  of  the  anchorage  zones 
were  carried  out  using  data  from  the  laboratory  testing  of  rock  cores. 
Using  the  depths  and  anchorage  lengths  resulting  from  the  analysis,  a 
computer  analysis  of  stresses  and  displacements  in  the  dam  and  the 
foundation  was  carried  out  using  a finite  clement  technique  based  on  the 
linear  elastic  plane  strain  model.  The  results  of  the  computer  analysis 
showed  that  there  would  be  no  areas  of  high  stress  concentration  after 
the  installation  of  the  anchors  and  no  excessive  movements  of  the 
structure. 
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The  final  depths  at  which  the  anchorage  zones  were  established  were  in 
fact  much  deeper  due  to  the  rock  conditions  encountered  during  drilling 
for  the  anchors.  A major  shear  zone  was  detected  beiwv  Block  6,  lying 
parallel  to  the  bedding  and  therefore  dipping  steeply  upstream  and 
towards  the  centre  of  the  valley.  Numerous  fissures  and  areas  of  highly 
fractured  brecciated  rock  associated  with  this  shear  zone  were  observed. 
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No  problems  were  encountered  drilling  through  the  concrete  of  the  dam  - 
drilling  was  carried  out  using  a 113  lun  diameter  dovn-tbe-bole  haoner. 

Drilling  through  rock  was  good  initially  until  the  highly  fractured  zonei 
were  encountered  - in  these  zones  the  drill  repeatedly  jammed,  bhen  the 
hammer  was  freed  and  operating  again,  gravel  size  fragments  of  mudstone 
and  some  clay  were  flushed  up  the  borehole.  Collapsing  of  the  boles 
frequently  occurred,  giving  concern  over  the  possibility  of  cavities 
being  created  in  the  fault  zone. 


In  order  to  prevent  further  collapse  in  the  boles  and  the  formation  of 
cavities,  the  method  of  drilling  was  changed  from  rotary  percussive  to 
coring  using  water  flush,  emd  a drilliog/pressure  grouting  technique  was 
employed.  Repeated  pressure  grouting  and  re-drilling  resulted  in  a 
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build-up  of  grout  in  the  fault  zoiiC)  and  the  area  was  eventually  stabilised 
One  of  the  advantages  of  the  change  in  drilling  method  was  that  the  rock 
cores  could  be  examined  and  a better  appreciation  of  the  geology  of  the 
2one  could  be  obtained. 


Although  the  cores  showed  the  rock  in  the  chosen  anchorage  zones  to  be 
suitable«  fissures  and  joints  were  noted  in  these  cores,  and  water  tests 
showed  a sufficiently  large  take  from  the  anchor  holes  for  fissure  grout- 
ing to  be  considered  necessary. 

Grouting  was  carried  out  in  stages  up  each  hole  using  hydraulic  packers  - 
the  quantities  of  grout  pumped  were  not  high  indicating  that  no  large 
voids  were  present,  Uhen  set,  Uie  grout  was  redrillcd  and  the  grouting 
repeated  until  »»ater  tests  shoved  the  anchorage  zones  to  be  tight. 

As  the  anchors  were  being  installed,  denso  tape  was  vTapped  around  the 
bars  for  approximately  3.0  ni  above  the  bonded  zone  and  above  this  silicon 
grease  was  sprayed  onto  the  bars.  The  presence  of  the  donso  tape 
immediately  above  the  bonded  zone  ensured  that  there  would  be  no  transfer 
of  bond  stress  between  the  anchor  tendon  and  the  rock  at  a higher  level 
than  was  desirable. 


The  anchors  were  bonded  to  the  rock  over  a 9.75  ni  anchorage  length  using 
a 0.^5  v/c  low  alkali  cement  grout  with  a 1^-day  cube  strength  of  55NV*nm‘ 
The  grout  was  pumped  through  a 12  mm  diameter  pipe  that  was  temporarily 
fixed  to  the  lover  end  of  the  anchor  sleeve  and  raised  as  grouting  proc- 
eeded. 


As  a test  of  the  ability  of  the  foundation  rock  to  carry  successfully  the 
anchor  loads  at  the  chosen  depths,  the  centre  anchor  was  stressed  before 
drilling  of  the  two  outer  anchors  had  been  completed. 


Stressing  cn  all  three  anchors  took  place  in  10-tonne  increments  up  to  90 
tonnes  with  readings  being  taken  of  the  anchor  bar  extension,  the  load 
cells,  the  electrolevel  and  the  inverted  pendulum  after  each  increment. 
Readings  were  plotted  so  that  anything  unusual  would  have  been  detected. 
After  a waiting  period  of  approximately  15  minutes,  the  load  was  increased 
bj'  a further  increment.  At  90  tonnes,  the  load  was  held  for  30  minutes 
before  being  relaxed  to  the  design  figure  of  85  tonnes,  and  locked  off. 
Readings  of  the  deoec  points  and  the  two  extensometers  were  taken  before 
and  after  each  stressing  operation. 
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Vhen  the  anchors  had  been  stressed,  the  annular  space  above  the 
bonded  length  of  each  anchor  tendon  was  filled  with  Polythixon  I'U  special 
grout  to  prevent  corrosion  of  the  tendoits. 


Instrumentation  Installation 
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InstriuBents  were  installed  in  and  adjacent  to  Block  6 to  monitor  behav- 
iour during  the  stressing  of  the  anchors  and  at  regular  intervals  after 
the  atr^ssjng.  The  individual  sitings  jof  the  instrumehtatiop  arc  ind- 
icated diagrammatically  on  Figs.  2 and  3* 


aulic  packers 
it  no  large 
the  grouting 
; tight* 


In  Block  6 itself,  the  following  instruments  were  installed 


Vibrating  wire  load  cells  at  the  head  of  each  anchor 


(ii)  A vertical  extensometor  dovn  from  the^  walkway  bri^ige  to  a level 

feet  Joelow  the  deepest  anchor,-  , J 

(iii)  An  inclined  extensometer  from  a point  two-thirds  down  the 
exposed  downstream  face  of  the  dam  through  the  cub-off  trench 
into  the  foundation  zone  immediately  upstream  of  the  dam. 

(iv)  An  inverted  pendulum  vertically  down  from  the  walkway  bridge  to 
the  middle  of  Lift  No,  7« 


1«around  thp 
. • 
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iO  tape 

be  no  transfer 
1 higher  level 


* length  using 
jgth  of  35N/mia‘ 
3 temporarily 
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(v)  Two  electrically  operated  piezometers  inclined  down  from  the  down- 
stream face  of  the  dam  into  the  middle  of  Lift  Ko.  the 
individual  piezometers  being  positioned  1,3  m and  3*3P  from  the 
upstream  face  of  the  dam.  — 

(vl)  Twenty  four  mechanical  strain  gauge  positions  (three  points  per 
_ Dosit^n)  on  the  downs_tream,faf^  of  tlig^dam  across 

the  Hift  joints  and  thc^vertibal  joints  e^h  side  of  the  block. 


iccessfuXly  the 
Lressed  before 


In  addition  to  the  above,  four  electrolevels  were  positioned  on  the  walk- 
way piers,  each  electrolevel  spcuining  the  joint  between  adjacent  blocks 
for  Block  Kos.  4 to  8, 


:b  increment. 
>een  detected, 
id  wras  increased 
ir  30  minntes 
1 locked  off* 


Relief  DrainaEe  Holes  in  Blocks  10  - 20 


The  relief  drainage  works  consist  of  73  diameter  holes  drilled  from 
the  roof  of  the  drainage  gallery  up  to  near  the  crest  of  the  dam,  and 
from  the  bottom  of  the  gallery  down  to  elevation  3«35  o as  shown  on  Fig. 


taken  before 


Tlu*  upsard  holes  are  vertical,  viih  respect  to  the  dam  elevation,  in 
Blocks  10  to  18,  and  were  drilled  generally  at  3«35  ni  centres,  except  in 
three  blocks  where  the  regular  spacing  was  adjusted  to  avoid  clashing 
with  existing  piezometer  iiistallatiuns.  Inclined  holes,  w'ith  respect 
to  the  dam  elevation,  were  provided  for  Blocks  19  and  20,  The  downward 
holes  are  vertical  with  respect  to  the  dam  elevation,  and  are  again 
generally»at  3»35  ni  centres,  ai3d  were  extended  into  the  fotandation  rock 
to  supplement  the  existing  fouiidaiion  relief  drainage  system. 


The  upward  boles  were  capped  at  their  exit  points  near  the  crest  to 
prevent  the  ingress  of  water  and  dirt  - the  caps  are  removable  for 
inspection  and  maintenance- purposes.  Both  the  upward  and  ^ovnwarjd  holes 
w^re  provided  with  suitable  capped  ends  in  the  galleiy  to  facilitate 
measurement  of  flow. 


Future  Monitorini 


5urveillan<^e  of  tlie  dam  is  continuing,  principally  by  continual  visual 
obser\'ation  of  the  downstream  face  and  of  any  movement*at  the  crest  of 
the  dam,  supported  by  readings  on  the  piezometers  and  other  instruments 
in  Block  6 and  by  records  of  the  flow  from  the  drainage  boles  in  Blocks 
10  — 20.  Souij  testing  is«also  planned  at  three-year  Intervals. 
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PROreSSCR  DIAMOND'S  SUMKARI  OF  PROCEEDINGS 


A REPORT 


Professor  Diamond  expressed  the  view  that  although  some  of  the 
papers  presented  at  this  Symposiura  deviated  from  the  strict  subject 
title  of  the  meeting,  a wealth  of  new  technical  information  had  been 
presented  which  indicated  healthy  and  flourishing  research  in  this 
field  of  study# 

The  papers  could  perhaps  be  grouped  into  the  following  general 
areas  of  study:  the  effects  of  alkalies  on  concretes,  the  effects  of 
alkalies  in  cements,  the  study  of  the  potential  reactivity  of 
aggrega'tes,  consideration  of  the  detailed  reaction  mechanisms, 
consideration  of  the  effects  of  pozzolans  on  reactivity,  field  reports 
and  case  study  investigations,  reports  of  remedial  work  and  reviews  of 
the  subject  such  as  that  presented  by  Vivian. 

Delegates  attending  this  Symposium  had  received  much  new 
information  about  the  influence  of  alkalies  on  various  concrete 
properties  including  setting  time  and  changes  at  the  ceraent/aggregate 
interface.  New  information  had  been  presented  on  the  importance  of 
the  alkali/sulphate  balance,  on  new  designs  of  dry  process  cement 
manufacture  and  the  distribution  of  alkalies  during  manufacture.  A 
pumher  of  new  and  important  case  study  investigations  have  also  been 
reported  and  some  new  data  on  preventative  measures  has  become 
available. 

However,  there  was  still  a need  for  further  information  concerning 
the  influence  of  alkalies  on  the  various  properties  of  concrete, not 
just  strength  but  also  on  other  properties  such  as  set,  interaction 
with  additives,  glass  fibres  etc.  There  was  also  need  for  research 
on.  preventative -measures  and  fOr- reports  of  case  studies  where  remedial 
measures  had  been  taken.  Information  was  also  urgently  needed 
concerning  the  structural  adjustments  which  might  result  from  alkali- 
aggregate  reactivity,  for  methods  of  inhibiting  or  slowing  reactions 
once  initiated,  ajid"  concerning  the  cosmetic  treatments  which  might  be 
applied  to  affected  structures. 
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COIiTRlBUTlON  TO  DISCUSSION 


Mr.  K.  Brittain 


May  I please  make  one  comment  concerning  Dr,  Diamond's  excellent 
review  of  the  proceedings  of  this  symposium  and  the  tasks  to  be 
dealt  with,  X suggest  that  as  well  as  case  studies,  we  must  have  an 
assessment  of  the  frequency  of  damage,  either  structural  or  super- 
ficial to  buildings  in  each  area.  If  national  guidance  is  to  be  given 
the  scale  and  emphasis  must  relate  to  the  anticipated  need. 
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